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TUNNELED AUTHENTICATION PROTOCOL FOR 
PREVENTING MAN-IN-THE-MTDDLE ATTACKS 

BACKGROUND 

5 Communications networks (e.g., the Internet) continue to have a growing role in today's 

world. As used herein, a "network" or a communications network" is a group of two or more 
devices interconnected by one or more segments of transmission media on which communications 
may be exchanged between the devices, Each segment may be any of a plurality of types of 
transmission media, including one or more electrical or optical wires or cables made of metal 

10 and/or optical fiber, electromagnetic (e.g., wireless) transmission or any combination of these 

transmission media. As used herein, "plurality" means two or more. As used herein, a "network 
device" is a device operative to communicate on a network, including, but not limited to: 
workstations, personal computers, terminals, laptop computers, end stations, servers, gateways, 
registers, switches, routers, hubs, bridges, directories, transmitters, receivers, repeaters, and any 

15 combinations thereof. As used herein, whether in the written description or the claims, the terms 
"comprising", "including", "carrying", "having", "containing", "involving", and the like are to be 
understood to be open-ended, i.e., to mean including but not limited to. Only the transitional 
phrases "consisting of and "consisting essentially of, respectively, shall be closed or semi- 
closed transitional phrases, as set forth, with respect to claims, in the United States Patent and 

20 Trademark Office Manual of Patent Examining Procedures (Original Eighth Edition, August 
2001), Section 21 11.03. 

As the roles of networks continue to expand, network security becomes increasingly 
critical. A common form of network security is user authentication, in which users must 
authenticate their identities to a network before being allowed access to the network or certain 

25 network resources available on the network. As used herein, an "authentication protocol" is a 
protocol (i.e., a set of rules and procedures) for authenticating a user to a network. A common 
form of user authentication is password-based authentication, in which an authentication server 
issues a challenge to the user (e.g., prompts the user for user credentials), and the user responds 
with user-authenticating information (e.g., credentials such as a username and password). 

30 Typically, the user-authenticating information as supplied by the user is encrypted. As used 
herein, an "authentication server" is a logical entity residing on a network device, which is 
operative to authenticate a user for access to a network. As used herein, a "challenge" is 
information transmitted from a first network device to a second network device, as part of an 
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authentication process, prompting the second network device to issue a response (e.g., including 
one or more user credentials) to be authenticated. 

Most password-based authentication protocols are inherently of low security due to the 
fact that passwords are typically of low entropy. Such protocols are susceptible to "dictionary" 

. 5 (i.e., password-guessing) attacks mounted by an eavesdropping attacker. Such password-based 
authentication protocols include Challenge Handshake Authentication Protocol (CHAP), 
Extensible Authentication Protocol-Message Digest 5 Challenge (EAP-MD 5 Challenge or 
MDC), Microsoft's MS CHAP and EAP-GenericTokenCard. Other authentication protocols use 
more secure encryption techniques that involve the use of encryption keys. Such authentication 

10 protocols include Extensible Authentication Protocol GSM Subscriber Identity Module (SIM). 

To further secure communications between two network devices, tunneling protocols have 
been developed. As used herein, a network "tunnel" is a secure transmission path established 
across one or more networks between a first network device and a second network device, such 
that the first and second network devices can exchange communications along the path, and the 

15 contents thereof (except for information necessary for proper switching and routing) is secured 
against ascertainment by any entity except the first and second network devices. "Tunneling" 
refers to the establishing and maintaining of a tunnel, and the transmission of communications 
within a tunnel. A "tunneling protocol" is a protocol for implementing a tunnel. A common 
example of the use of a tunnel is to establish a Virtual Private Network (VPN) across a public 

20 network (e.g., the Internet) between a user device and a remote access server, for example, a 
Remote Authentication Dial-In User Service (RADI US) server, of a private network such as a 
corporate Local Area Network (LAN). 

Tunneling protocols use more sophisticated encryption techniques and typically use 
public/private key cryptography to establish encryption keys that allow subsequent transmissions 

25 to be secure against eavesdroppers Typically, at least one of the network devices that terminate 
(i.e., serve as an endpoint for) the tunnel certifies its identity to the other network device using a 
certificate or other credentials; both devices may separately authenticate. After the identities of 
one or both of the network devices is certified (such that each certified device is "trusted" by the 
other device), the tunnel is created and secure communications are exchanged within the tunnel 

30 between the two network devices. There are a variety of tunneling protocols, including 

Extensible Authentication Protocol Tunnel Transport Layer Security (EAP-TTLS or TTLS) and 
Extensible Authentication Protocol-Protected Extensible Authentication Protocol (EAP-PEAP or 



WO 21)04/051964 



PCT/US2003/038527 



PEAP). TTLS and PEAP both are based on tunnels created via Transport Layer Security (TLS) 
technology, which was formerly known as Secure Sockets Layer (SSL). An authentication 
protocol may be encapsulated within a tunnel established by a tunneling protocol, in order to 
secure the authentication protocol against eavesdropping attacks. As used herein, an "inner 
5 protocol" or "tunneled protocol" means an authentication protocol transmitting and/or receiving 
communications within a tunnel provided by a tunneling protocol. 

Fig. 1 is a block and information flow diagram illustrating an example of a known system 
100 for encapsulating inner protocol communications within a tunnel provided by a tunneling 
protocol. System 100 includes client 102 and tunnel server 1 12. 

10 As used herein, a "client" is a logical entity associated with a user, residing on a network 

device, serving as an cndpoinl to a tunnel and operative to generate and transmit a response to a 
challenge on behalf of the user. The network device on which the client resides may be used by 
the user to access a network, for example, by communicating with a remote access server of the 
network. The network device on which the client resides may be a user device, for example, a 

15 workstation, terminal, personal computer, laptop computer, telephone, pager, BlackBerry™ brand 
device, personal digital assistant (PDA), or any combination thereof or other device that can 
provide client functionality. As used herein, a "tunnel server" is a logical entity, residing on a 
network device different than the network device on which the client resides, serving as an 
endpoint to a tunnel and operative to generate and transmit a challenge. 

20 Tunnel server 1 12 issues a challenge 108 in accordance with an inner protocol to client 

102. In response, a hash generator 104 of client 102 generates a response 1 10 to the challenge 
and the client transmits the response 1 10 to tunnel server 1 12. Tunnel server 1 12 and client 102 
serve as endpoints (i.e., terminals) for a tunnel 106 that encapsulates communications (e.g., 
challenge 108 and response 1 10) between the client 102 and tunnel server 1 12. The inner 

25 protocol may be any suitable protocol such as (but not limited to) any of a variety of legacy 

authentication protocols, for example, an N4D5-based authentication protocol, such as CHAP or 
MDC. As used herein, a "'MDS-based protocol" is an authentication protocol that uses an MD5 
algorithm or variation thereof to exchange information, and an MD5-based hash function is an 
MD5 hash function or variant thereof. 

30 Fig. 2 is a flowchart illustrating an example of a known method 200 of authenticating a 

user according to an MD5 algorithm. 
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In Act 202, an MD5 challenge is generated for the user. Such challenge may be generated 
on an authentication server (e.g., 126) or on an intermediate server, for example, a tunnel server 
'(e.g., 1 12) between the client (e.g., 102) and authentication server. Such challenge may be a 
random challenge of variable length. 
5 In Act 204, a first communication is transmitted to the client, the first communication 

including the MD5 challenge. Such communication may be transmitted directly from the 
authentication server or through an intermediate server. 

In a following Act 206, the following information is concatenated in the following order: 
the MD5 authentication protocol identifier, the user's password, the MD5 challenge, a single octet 

10 of hexadecimal value 80, padding octets and eights octets indicating a message length to produce 
an MD5 hash function input sequence. The number of padding octets is configured such that the 
length of the MD5 hash function input sequence is a multiple of 64 octets. The "message" is the 
concatenation of the authentication protocol identifier, the user's password and the MD5 
challenge, such that the message length indicates the length of this concatenation. 

15 In Act 208, an MD5 hash value (i.e., message digest or hash) is generated using MD5 hash 

function input sequence, for example, as illustrated in Fig. 3. A hash value is a number generated 
from a string of information (e.g., text, a number, or a combination thereof). Typically, a hash 
value is substantially smaller than the string of information from which it was generated. Hash 
functions (e.g., an M.D5 hash function) are designed such that it is extremely unlikely that any two 

20 strings of information (i.e., the hash function input sequence) input to the hash function produce 
the same hash value. 

Fig. 3 is an information flow diagram illustrating a known method of generating an MD5 
hash value 318 from an MD5 hash function input sequence 302. The hash function input 
sequence 302 includes the message 3 1 0 and the appendage 3 1 7. The message 3 1 0 includes the 

25 MD5 protocol identifier 304, user's password 306 and MD5 challenge 308. The appendage 
includes hex 80 octet 3 1 2, padding octets 3 1 4 and eight-octet message length field 316. The 
value of message length field 316 indicates the length of message 310. 

The MD5 hash function input sequence 302 is input to the hash generator 1 04 to produce 
MD5 hash value 3 1 8. The elements of input sequence 302, namely components 304, 306, 308, 

30 312, 314 and 3 1 6 are received by the hash generator in the order shown in Fig. 3, starting with 
304 and proceeding in ascending order. 
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MD5 is an iterative algorithm that applies a hash function repeatedly to successive 64- 
octet blocks of input sequence data until the entire input sequence has been hashed. The message 
included within the input sequence may be of any length, and the MD5 appendage is configured 
such that the total input sequence length is a multiple of 64 octets. Each iteration of the MD5 
5 algorithm applies the hash function to two parameters: a 16-octet vector, and a 64-octet segment 
from the input sequence. If f (x.y) is the hash function, V [n] is an nth 16-octet vector, and M [n] 
is an nth 64-octet message block, than V(0) = 1, which is a fixed initialization vector defined for 
MD5, and V [n +1] = f (V [n], M [n]). The final output of the MD5 algorithm is a 16-octet vector 
defined as V(N), where N is the number of 64-octet blocks included in the function input 

1 0 sequence. Accordingly, referring to Fig. 3, MD5 hash value 3 1 8 is a 1 6-octet vector, V(N). 

Returning to Fig. 2, in Act 210, a second communication is transmitted from the client to 
the tunnel server, the second communication including the generated MD5 hash value in response 
to the challenge, for example, MD5 hash value 318. In a final Act 2 1 2 of method 200, the user is 
authenticated based on the MD5 hash value, for example, by an authentication server. 

15 Recent cryptographic analysis has revealed that, while tunneling protocols generally 

provide more secure communications across a network than authentication protocols, they 
introduce a new vulnerability in certain circumstances. Because these tunneling protocols do not 
cryptographically combine their encryption keys with encryption keys derived from the inner 
protocols that they encapsulate, it is possible for an attacker to effect the following attack, called a 

20 Man-in-the-Middle (MiM) attack. The attacker poses as an authentication server and dupes a 
client to use a password-based authentication protocol outside of a tunnel (i.e., in untunneled 
mode) to exchange protocol payloads with the attacker. Then, posing as the client, the attacker 
establishes communication with a tunnel server and establishes a tunnel. In response to the tunnel 
server's challenge, the client responds with a protocol payload (e.g., the response) gained from the 

25 client. The transmission of the protocol payload is encapsulated within the tunnel. Thus, the 

attacker authenticates to the server as if the attacker were the actual user. In order for such a MiM 
attack to be feasible, the following conditions must be met: (1) the user must use the same legacy 
authentication protocol both in tunneled and untunneled modes, (2) the user must use the same 
credentials (e.g.. username and password) in both tunneled and untunneled modes, and (3) the 

30 attacker must be able to pose as an authentication server on the network on which the user uses 
the legacy protocol in untunneled mode. 
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Referring to Fig. 1, consider the example when the client 1 02 attempts to establish a 
session with an authentication server 126 across a wireless communication medium. The attacker 
118 poses as the authentication server 126 and intercepts communications from the client 102. 
The attacker then issues a challenge 1 14 to the client in accordance with a legacy authentication 
5 protocol and outside of a tunnel (i.e., in untunneled mode), and the client 102 responds, outside of 
a tunnel, with a response 1 16 in accordance with the legacy authentication protocol. The attacker 
1 1 8 records the response 1 1 6. The attacker 1 1 8 then initiates a session with another server using 
the same legacy authentication protocol, but inside of a tunnel. For example, attacker 1 1 8 
initiates a session with tunnel server 1 12 or another server for which tunnel server 1 12 serves as 

10 an intermediate server for communication with attacker 118. In either event, the tunnel server 1 12 
and the attacker 1 18 serve as terminals or endpoints for a tunnel 120. If the client 102 is 
configured to use the same legacy authentication protocol and use the same credentials within 
tunnel 120 as were used to generate response 1 16 outside of the tunnel 120, then, in response to 
challenge 124 (which is the same as challenge 1 14, albeit encapsulated within tunnel 120), 

15 attacker 1 1 8 responds with response 1 22 (which is the same as response 1 1 6, albeit encapsulated 
in tunnel 120). The tunnel server 1 12 or the authentication server then authenticates the user 
credentials within the response 122 and confirms that attacker 1 1 8 is client 1 02, allowing great 
mischief to follow. 

The Internet Engineering Task Force (IETF) EAP working group is studying means to 
20 preclude the MiM attack. The current general opinion of that group is that the MiM attack only 
can be prevented if the inner protocol is capable of generating its own encryption keys. This 
opinion implies that tunneling protocols such as TTLS and PEAP can be made safe against the 
MiM attack for inner protocols that can generate encryption keys such as MS CHAP and SIM, but 
not for inner protocols such as CHAP, MUC or CJenericTokenCard. 

25 

SUMMARY 

In an embodiment of the invention, a user is at least partially authenticated on a 
communications network. A first communication is transmitted from a first network device to a 
second network device, wherein the first communication includes a challenge. In response to 
30 receiving the challenge, a preliminary hash value is generated by performing only part of a hash 
function on a first part of the challenge, wherein the first part is less than the complete challenge. 
A second communication is transmitted from the second network device to the first network 
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device, the second communication including the preliminary hash value. Performance of the hash 
function is completed on the first network device to produce a final hash value. 

In an aspect of this embodiment, only part of a Message Digest 5-based encryption 
function is performed. 

5 In another aspect of this embodiment, a standard Message Digest 5 algorithm includes 

adding an appendage of information to information to be communicated to produce padded 
information that has a length that is a multiple of sixty-four octets, and includes inputting the 
padded information to a standard Message Digest 5 function. An input sequence to the Message 
Digest 5-based encryption function is generated by concatenating information to be 
] 0 communicated from the second network device to the first network device. The input sequence is 
input into the Message Digest 5-based encryption function without previously adding an 
appendage of information to the input sequence. 

In another aspect of this embodiment, the complete performance of the hash function 
involves performing a first number of iterations, generating the preliminary hash value includes 
15 performing a second number of iterations less than the first number of iterations and completing 
the hash function includes performing a third number of iterations equal to the first number minus 
the 'second number, resulting in a complete performance of the hash function. 

In yet another aspect of this embodiment, completing the hash function includes 
completing the hash function using a second part of the challenge, wherein the first part and the 
20 second part form the complete challenge. 

In another aspect of this embodiment, generating the preliminary hash value includes 
generating the preliminary hash value based, at least in part, on the first part of the challenge and 
a user credential. 

In another aspect of this embodiment, generating the preliminary hash value includes 
25 dividing the challenge into the first pan and a second part, and the method further includes. The 
second communication is configured to include an indication of a length in bits of the user 
credential. Completing the hash function includes completing the hash function based, at least in 
part, on the second part of the challenge and the length of the user credential. 

In yet another aspect of this embodiment, completing the hash function includes: 
30 determining a state of the hash function based, at least in part, on the length of the user credential; 
and completing the hash function based, at least in part, on the determined state. 
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In another aspect of this embodiment, completing the hash function further includes 
determining a length of the second part based, at least in part, on a length of the challenge and the 
length of the user credential, and completing the hash function based, at least in part, on the 
determined length of the second part. 
5 In another aspect of this embodiment, the challenge is generated on the first network 

device, including generating a portion of the challenge having a length equal to a desired amount 
of entropy for the challenge, and appending bits to the portion of the challenge to produce the 
challenge. 

In yet another aspect of this embodiment, generating the challenge includes appending 
10 sixty-three bits to the portion. 

In another aspect of this embodiment, the challenge includes a plurality of sequences of 
bits. The challenge is generated on the first network device, including configuring one or more of 
the plurality of sequences (e.g., octets) to include at least one non-zero bit. 

In another aspect of this embodiment, the challenge is generated on the first network 
15 device, including configuring the challenge to include at least a minimum number of octets of 
bits. 

In yet another aspect of this embodiment, generating the preliminary hash value includes: 
(1) determining a length of a concatenation of an authentication protocol identifier, a user 
credential and the challenge; and (2) dividing the challenge into the first part and a second part 
20 based on the determined length. 

In another aspect of this embodiment, the user is authenticated based on the final hash 

value. 

In another aspect of this embodiment, a third communication including the final hash 
value is transmitted to a third network device configured to authenticate the user. 
25 In yet another aspect of this embodiment, the first communication is transmitted within a 

tunnel between the first network device and the second network device. 

In another embodiment of the invention, a computer program is used to control a computer 
to perform the method of the embodiment described in the preceding paragraphs. 

In another embodiment of the invention, a computer-readable medium is provided that 
30 stores computer-readable signals defining instructions that, as a result of being executed by a 

computer, instruct the computer to perform the above method of the embodiment described in the 
preceding paragraphs. 
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In yet another embodiment of the invention, a system is provided for at least partially 
authenticating a user on a communications network. The system includes a first communication 
device operative to transmit a first communication from a first network device to a second 
network device, wherein the first communication includes a challenge. The system further 
5 includes a second network device, operative to receive the challenge, generate a preliminary hash 
value by performing only part of a hash function on a first part of the challenge, wherein the first 
part is less than the complete challenge, and to transmit a second communication from the second 
network device to the first network device, the second communication including the preliminary 
hash value. The first network device is operative to complete performance of the hash function to 
10 produce a final hash value. 

In an aspect of this embodiment, the second network device is operative to perform only 
part of a Message Digest 5-based encryption function 

In another aspect of this embodiment, a standard Message Digest 5 algorithm includes 
adding an appendage of information to information to be communicated to produce padded 
15 information that has a length that is a multiple of sixty-four octets, and includes inputting the 
padded information to a standard Message Digest 5 function. The second network device is 
operative to generate an input sequence to the Message Digest 5-based encryption function by 
concatenating information to be communicated from the second network device to the first 
network device, and to input the input sequence into the Message Digest 5-based encryption 
20 function without previously adding an appendage of information to the input sequence. 

In another aspect of this embodiment, the complete performance of the hash function 
involves performing a first number of iterations, and the second network device is operative to 
perform a second number of iterations less than the first number of iterations. The first network 
device is operative to perform a third number of iterations equal to the first number minus the 
25 second number, resulting in a complete performance of the hash function. 

In another aspect of this embodiment, the first network device is operative to complete the 
hash function using a second part of the challenge, wherein the first part and the second part form 
the complete challenge. 

In yet another aspect of this embodiment, the first network device is operative to generate 
30 the preliminary hash value based, at least in part, on the first part of the challenge and a user 
credential. 



WO 2004/051964 



PCT/US2003/038527 



- 10- 
In another aspect of this embodiment, the second network device is operative to divide the 
challenge into the first part and a second part, and to configure the second communication to 
include an indication of a length in bits of the user credential. The first network device is 
operative to complete the hash function based, at least in part, on the second part of the challenge 
5 and the length of the user credential. 

In another aspect of this embodiment, the first network device is operative to determine a 
state of the hash function based, at least in part, on the length of the user credential, and to 
complete the hash function based, at least in part, on the determined length. 

In yet another aspect of this embodiment, the first network device is operative to 
10 determine a length of the second part based, at least in part, on a length of the challenge and the 
length of the user credential, and to complete the hash function based, at least in part, on the 
determined length of the second part. 

In another aspect of this embodiment, the first network device is operative to generate the 
challenge on the first network device, including generating a portion of the challenge having a 
1 5 length equal to a desired amount of entropy for the challenge, and to append bits to the portion of 
the challenge to produce the challenge. 

In another aspect of this embodiment, the first network device is operative to append sixty- 
three bits to the portion. 

In another aspect of this embodiment, challenge includes a plurality of sequences (e.g., 
20 octets) of bits, and the first network device is operative to generate the challenge on the first 

network device, including configuring one or more of the plurality of sequences to include at least 
one non-zero bit. 

In another aspect of this embodiment, the first network device is operative to generate the 
challenge on the first network device, including configuring the challenge to include at least a 
25 minimum length of bits. 

In yet another aspect of this embodiment, the second network device is operative to 
determine a length of a concatenation of an authentication protocol identifier, a user credential 
and the challenge, and to divide the challenge into the first part and a second part based on the 
determined length. 

30 In another aspect of this embodiment, the first network device is operative to authenticate 

the user based on the final hash value. 
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In another aspect of this embodiment, the first network device is operative to transmit a 
third communication including the final hash value to a third network device configured to 
authenticate the user. 

In another aspect of this embodiment, the first network device is operative to transmit the 
5 first communication within a tunnel between the first network device and the second network 
device. 

In another aspect of this embodiment, the second communication device is operative to 
transmit the second communication with a tunnel between the first device and the second device. 
In another embodiment of the invention, a system is provided for at least partially 

10 authenticating a user on a communications network. The system includes a first communication 
device operative to transmit a first communication from a first network device to a second 
network device, wherein the first communication includes a challenge. The system further 
includes a second network device operative to receive the challenge and transmit a second 
communication from the second network device to the first network device, the second 

15 communication including a preliminary hash value The second network device includes means 
for generating a preliminary hash value by performing only part of a hash function on a first part 
of the challenge, wherein the first part is less than the complete challenge. Further, the first 
network device includes means for completing performance of the hash function to produce a 
final hash value. 

20 In an aspect of this embodiment, the second network device includes means for 

performing only part of a Message Digest 5-based encryption function. 

In another aspect of this embodiment, a standard Message Digest 5 algorithm includes 
adding an appendage of information to information to be communicated to produce padded 
information that has a length that is a multiple of sixty-four octets, and includes inputting the 

25 padded information to a standard Message Digest 5 function. The second network device 
includes means for generating an input sequence to the Message Digest 5-based encryption 
function by concatenating information to be communicated from the second network device to the 
first network device, and includes means for inputting the input sequence into the Message Digest 
5-based encryption function without previously adding an appendage of in formation to the input 

30 sequence. 

In another aspect of this embodiment, the complete performance of the hash function 
involves performing a first number of iterations, and the second network device includes means 
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for performing a second number of iterations less than the first number of iterations, and wherein 
the first network device includes means for performing a third number of iterations equal to the 
first number minus the second number, resulting in a complete performance of the hash function. 

In another aspect of this embodiment, the first network device includes means for 
5 completing the hash function using a second part of the challenge, wherein the first part and the 
second part form the complete challenge. 

In another aspect of this embodiment, the first network device includes means for 
generating the preliminary hash value based, at least in part, on the first part of the challenge and 
a user credential. 

10 In yet another aspect of this embodiment, the second network device includes means for 

dividing the challenge into the first part and a second part, and for configuring the second 
communication to include an indication of a length in bits of the user credential. In this aspect, 
the first network device includes means for completing the hash function based, at least in part, on 
the second pan of the challenge and the length of the user credential. 

15 In another aspect of this embodiment, the first network device includes means for 

determining a state of the hash function based, at least in part, on the length of the user credential, 
and for completing the hash function based, at least in part, on the determined length. 

In another aspect of this embodiment, the first network device includes means for 
determining a length of the second part based, at least in part, on a length of the challenge and the 

20 length of the user credential, and for completing the hash function based, at least in part, on the 
determined length of the second part. 

In another aspect of this embodiment, the first network device includes means for 
generating the challenge on the first network device, including means for generating a portion of 
the challenge having a length equal to a desired amount of entropy for the challenge, and means 

25 for appending bits to the portion of the challenge to produce the challenge. 

In another aspect of this embodiment, the first network device includes means for 
appending sixty-three bits to the portion. 

In yet another aspect of this embodiment, the challenge includes a plurality of sequences 
(e.g., octets) of bits, and the first network device includes means for generating the challenge on 

30 the first network device, including means for configuring one or more of the plurality of 
sequences to include at least one non-zero bit. 
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In another aspect of this embodiment, the first network device includes means for 
generating the challenge on the first network device, including means for configuring the 
challenge to include at least a minimum length of bits. 

In another aspect of this embodiment, the second network device includes means for 
5 determining a length of a concatenation of an authentication protocol identifier, a user credential 
and the challenge, and means for dividing the challenge into the first part and a second part based 
on the determined length. 

In another aspect of this embodiment, the first network device includes means for 
authenticating the user based on the final hash value. 
10 In another aspect of this embodiment, the first network device includes means for 

transmitting a third communication including the final hash value to a third network device 
configured to authenticate the user. 

In another aspect of this embodiment, the first network device includes means for 
transmitting the first communication within a tunnel between the first network device and the 
15 second network device. 

In another aspect of this embodiment, the second communication device includes means 
for transmitting the second communication with a tunnel between the first device and the second 
device. 

In an embodiment of the invention, a user is at least partially authenticated on a 
20 communications network. A first communication is transmitted from a first network device to a 
second network device, wherein the first communication includes a challenge. A second 
communication is received from the second network device to the first network device, the second 
communication including a preliminary hash value resulting from performance of only part of a 
hash function on a first part of the challenge, wherein the first part is less than the complete 
25 challenge. Performance of the hash function is completed on the first network device to produce a 
final hash value. 

In an aspect of this embodiment, the preliminary hash value is a result of partial 
performance of an Message Digest 5-based encryption function on the first part of the challenge, 
and completing the hash function includes completing the Message Digest 5-based encryption 
30 function. 

In another aspect of this embodiment, the complete performance of the hash function 
involves performing a first number of iterations, and wherein the preliminary hash value resulted 
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from performance of a second number of iterations less than the first number of iterations. In this 
aspect, completing the hash function includes performing a third number of iterations equal to the 
first number minus the second number, resulting in a complete performance of the hash function. 

In another aspect of this embodiment, completing the hash function includes completing 
5 the hash function using a second part of the challenge, wherein the first part and the second part 
form the complete challenge. 

In yet another aspect of this embodiment, the challenge includes two parts: the first part 
and a second part, and the preliminary hash value is based, at least in part, on the first part of the 
challenge and a user credential. The second communication includes an indication of a length in 
10 bits of the user credential. In this aspect, completing the hash function includes completing the 
hash function based, at least in part, on the second part of the challenge and the length of the user 
credential. 

In another aspect of this embodiment, completing the hash function includes: (1) 
determining a state of the hash function based, at least in part, on the length of the user credential; 

1 5 and (2) completing the hash function based, at least in part, on the determined state. 

In another aspect of this embodiment, completing the hash function includes: (1) 
determining a length of the second part based, at least in part, on a length of the challenge and the 
length of the user credential; and (2) completing the hash function based, at least in part, on the 
determined length of the second part. 

20 In another aspect of this embodiment, the challenge is generated on the first network 

device, including generating a portion of the challenge having a length equal to a desired amount 
of entropy for the challenge, and appending bits to the portion of the challenge to produce the 
challenge. 

In another aspect of this embodiment, generating the challenge includes appending sixty- 
25 three bits to the challenge. 

In yet another aspect of this embodiment, the challenge includes a plurality of sequences 
(e.g., octets) of bits. The challenge is generated on the first network device, including configuring 
one or more of the plurality of sequences to include at least one non-zero bit. 

In another aspect of this embodiment, the challenge is generated on the first network 
30 device, including configuring the challenge to include at least a minimum length of bits. 

In another aspect of this embodiment, the user is authenticated based on the final hash 

value. 
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In another aspect of this embodiment, a third communication including the final hash 
value is transmitted to a third network device configured to authenticate the user. 

In another embodiment of the invention, a computer program is used to control a computer 
to perform the method of the embodiment described in the preceding paragraphs 
5 In another embodiment of the invention, a computer-readable medium is provided that 

stores computer-readable signals defining instructions that, as a result of being executed by a 
computer, instruct the computer to perform the above method of the embodiment described in the 
preceding paragraphs. 

In another embodiment of the invention, a system is provided for at least partially 

10 authenticating a user on a communications network 

In another embodiment of the invention, a tunnel server residing on a first network device 
of a communications network at least partially authenticating a user on the communications 
network. The tunnel server includes a challenge generator to generate a challenge that is 
transmitted from the first network device to a second network device. The tunnel server further 

15 includes a final hash value generator to receive a preliminary hash value from the second network 
device, the preliminary hash value resulting from performance of only part of a hash function on 
a first part of the challenge, wherein the first part is less than the complete challenge. The final 
hash value generator is operative to complete performance of the hash function on the first 
network device to produce a final hash value. 

20 In an aspect of this embodiment, the complete performance of the hash function involves 

performing a first number of iterations, and the preliminary hash value is the result of 
performance of a second number of iterations less than the first number of iterations. In this 
aspect, the final hash value generator is operative to perform a third number of iterations equal to 
the first number minus the second number, resulting in a complete performance of the hash 

25 function. 

In another aspect of this embodiment, the final hash value generator is operative to 
complete the hash function using a second part of the challenge, wherein the first part and the 
second part form the complete challenge. 

In another aspect of this embodiment, the challenge includes the first part and a second 
30 part, and the second communication includes an indication of a length in bits of a user credential. 
Further, the final hash value generator is operative to complete the hash function based, at least in 
part, on the second part of the challenge and the length of the user credential. 
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In yet another aspect of this embodiment, the final hash value generator is operative to 
determine a state of the hash function based, at least in part, on the length of the user credential, 
and to for complete the hash function based, at least in part, on the determined length. 

In another aspect of this embodiment, the final hash value generator is operative to 
5 determine a length of the second part based, at least in part, on a length of the challenge and the 
length of the user credential, and to complete the hash function based, at least in part, on the 
determined length of the second part. 

In another aspect of this embodiment, the challenge generator is operative to generate the 
challenge, to generate a portion of the challenge having a length equal to a desired amount of 
1 0 entropy for the challenge, and to append bits to the portion of the challenge to produce the 
challenge. 

In another aspect of this embodiment, the challenge generator is operative to append sixty- 
three bits to the portion. 

In yet another aspect of this embodiment, the challenge includes a plurality of sequences 
1 5 (e.g., octets) of bits, and the challenge generator is operative to generate the challenge, and to 
configure one or more of the plurality of sequences to include at least one non-zero bit. 

In another aspect of this embodiment, the challenge generator is operative to generate the 
challenge, including configuring the challenge to include at least a minimum length of bits. 

In another aspect of this embodiment, the tunnel server is operative to authenticate the user 
20 based on the final hash value. 

In yet another aspect of this embodiment, the tunnel server is operative to control 
transmission of a third communication including the final hash value to a third network device 
configured to authenticate the user. 

In another aspect of this embodiment, the tunnel server is operative to control transmission 
25 of the first communication within a tunnel between the first network device and the second 
network device. 

In another embodiment of the invention, a tunnel server residing on a first network device 
of a communicat ions network at least partially authenticating a user on the communications 
network. The tunnel server includes a challenge generator to generate a challenge that is 
30 transmitted from the first network device to a second network device. The tunnel server is 

operative to receive a preliminary hash value from the second network device, the preliminary 
hash value resulting from performance of only part of a hash function on a first part of the 
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challenge, wherein the first part is less than the complete challenge. The tunnel server further 
includes means for completing performance of the hash function on the first network device to 
produce a final hash value. 

In an aspect of this embodiment, the complete performance of the hash function involves 
5 performing a first number of iterations, and the preliminary hash value is the result of 

performance of a second number of iterations less than the first number of iterations. The tunnel 
server includes means for performing a third number of iterations equal to the first number minus 
the second number, resulting in a complete performance of the hash function. 

In another aspect of this embodiment, the tunnel server includes means for completing the 
10 hash function using a second part of the challenge, wherein the first part and the second part form 
the complete challenge. 

In another aspect of this embodiment, the challenge includes the first part and a second 
part, and the second communication includes an indication of a length in bits of a user credential. 
In this aspect, the tunnel server includes means for completing the hash function based, at least in 
1 5 part, on the second part of the challenge and the length of the user credential. 

In yet another aspect of this embodiment, the tunnel server includes means for determining 
a state of the hash function based, at least in part, on the length of the user credential, and for 
completing the hash function based, at least in part, on the determined length. 

In another aspect of this embodiment, the tunnel server includes means for determining a 
20 length of the second part based, at least in part, on a length of the challenge and the length of the 
user credential, and for completing the hash function based, at least in part, on the determined 
length of the second part. 

In another aspect of this embodiment, the challenge generator includes means for 
generating the challenge on the tunnel server, including means for generating a portion of the 
25 challenge having a length equal to a desired amount of entropy for the challenge, and means for 
appending bits to the portion of the challenge to produce the challenge. 

In another aspect of this embodiment, the challenge generator includes means for 
appending sixty-three bits to the portion. 

In another aspect of this embodiment, the challenge includes a plurality of sequences (e.g. 
30 octets) of bits, and the challenge generator includes means for generating the challenge, including 
means for configuring one or more of the plurality of sequences to include at least one non-zero 
bit. 
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In yet another aspect of this embodiment, the challenge generator includes means for 
generating the challenge, including means for configuring the challenge to include at least a 
minimum length of bits. 

In another aspect of this embodiment, the tunnel server includes means for authenticating 
5 the user based on the final hash value. 

In another aspect of this embodiment, the tunnel server includes means for transmitting a 
third communication including the final hash value to a third network device configured to 
authenticate the user. 

In another aspect of this embodiment, the tunnel server includes means for transmitting the 
10 first communication within a tunnel between the first network device and the second network 
device. 

In an embodiment of the invention, a user is at least partially authenticated on a 
communications network in response to a challenge received at a second network device from a 
first network device. A preliminary hash value is generated by performing only part of a hash 

15 function on a first part of the challenge wherein the first part is less than the complete challenge. 
A communication is transmitted from the second network device to the first network device, the 
communication including the preliminary hash value. 

In an aspect of this embodiment, generating the preliminary hash value includes 
performing only part of a Message Digest 5-based encryption function. 

20 In another aspect of this embodiment, a standard Message Digest 5 algorithm includes 

adding an appendage of information to information to be communicated to produce padded 
information that has a length that is a multiple of sixty-four octets, and includes inputting the 
padded information to a standard Message Digest 5 function. In this aspect, generating the 
preliminary hash value includes: (1) generating an input sequence to the Message Digest 5-based 

25 encryption function by concatenating information to be communicated from the second network 
device to the first network device; and (2) inputting the input sequence into the Message Digest 5- 
based encryption function without previously adding an appendage of information to the input 
sequence. 

In yet another aspect of this embodiment, the complete performance of the hash function 
30 involves performing a first number of iterations, and generating the preliminary hash value 
includes performing a second number of iterations less than the first number of iterations. 
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In another aspect of this embodiment, generating the preliminary hash value includes 
generating the preliminary hash value based, at least in part, on the first part of the challenge and 
a user credential. 

In another aspect of this embodiment, generating the preliminary hash value includes 
5 dividing the challenge into the first part and a second part. The communication to include an 
indication of a length in bits of the user credential. 

In another aspect of this embodiment, generating the preliminary hash value includes: (1) 
determining a length of a concatenation of an authentication protocol identifier, a user credential 
and the challenge; and (2) dividing the challenge into the first part and a second part based on the 
10 determined length. 

In another aspect of this embodiment, the first communication is transmitted within a 
tunnel between the first network device and the second network device. 

In another embodiment of the invention, a system is provided for at least partially 
authenticating a user on a communications network. 
15 In another embodiment of the invention, a computer program is used to control a computer 

to perform the method of the embodiment described in the preceding paragraphs. 

In another embodiment of the invention, a computer-readable medium is provided that 
stores computer-readable signals defining instructions that, as a result of being executed by a 
computer, instruct the computer to perform the above method of the embodiment described in the 
20 preceding paragraphs. 

In another embodiment of the invention, a client residing on a second network device of a 
communications network at least partially authenticating a user in response to a challenge 
received on the second network device from a first network device. The client includes a 
preliminary hash generator to generate a preliminary hash value by performing only part of a hash 
25 function on a first part of the challenge, wherein the first part is less than the complete challenge. 
The second network device is operative to transmit a communication from the second network 
device to the first network device, the communication including the preliminary hash value. 

In an aspect of this embodiment, the preliminary hash generator is operative to perform 
only part of a Message Digest 5 -based encryption function. 
30 In another aspect of this embodiment, a standard Message Digest 5 algorithm includes 

adding an appendage of information to information to be communicated to produce padded 
information that has a length that is a multiple of sixty-four octets, and includes inputting the 
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padded information to a standard Message Digest 5 function. In this aspect, the preliminary hash 
generator is operative to generate an input sequence to the Message Digest 5-based encryption 
function by concatenating information to be communicated from the second network device to the 
first network device, and to input the input sequence into the Message Digest 5-based encryption 
5 function without previously adding an appendage of information to the input sequence. 

In another aspect of this embodiment, the complete performance of the hash function 
involves performing a first number of iterations. The preliminary hash generator is operative to 
perform a second number of iterations less than the first number of iterations. 

In another aspect of this embodiment, the preliminary hash generator is operative to 
10 generate the preliminary hash value based, at least in part, on the first part of the challenge and a 
user credential. 

In yet another aspect of this embodiment, the preliminary hash generator is operative to 
divide the challenge into the first part and a second part, and to configure the communication to 
include an indication of a length in bits of the user credential. 
15 In another aspect of this embodiment, the preliminary hash generator is operative to 

determine a length of a concatenation of an authentication protocol identifier, a user credential 
and the challenge, and to divide the challenge into the first part and a second part based on the 
determined length. 

In another aspect of this embodiment, the client is operative to control transmission of the 
20 first communication within a tunnel between the first network device and the second network 
device. 

In another embodiment of the invention, a client residing on a second network device of a 
communications network at least partially authenticating a user in response to a challenge 
received on the second network device from a first network device. The client includes means for 
' 25 generating a preliminary hash value by performing only part of a hash function on a first part of 
the challenge, wherein the first pari is less than the complete challenge. The second network 
device is operative to transmit a communication from the second network device to the first 
network device, the communication including the preliminary hash value. 

In an aspect of this embodiment, the means for generating includes means for performing 
30 only part of a Message Digest 5-based encryption function. 

In another aspect of this embodiment, a standard Message Digest 5 algorithm includes 
adding an appendage of information to information to be communicated to produce padded 
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information that has a length that is a multiple of sixty-four octets, and includes inputting the 
padded information to a standard Message Digest 5 function. 1 n this aspect, the means for 
generating includes means for generating an input sequence to the Message Digest 5-based 
encryption function by concatenating information to be communicated from the second network 
5 device to the first network device, and means for inputting the input sequence into the Message 
Digest 5-based encryption function without previously adding an appendage of information to the 
input sequence. 

In an aspect of this embodiment, the complete performance of the hash function involves 
performing a first number of iterations. The means for generating includes means for performing 
1 0 a second number of iterations less than the first number of iterations. 

In an aspect of this embodiment, the means for generating includes means for generating 
the preliminary hash value based, at least in part, on the first part of the challenge and a user 
credential. 

In an aspect of this embodiment, the means for generating includes means for dividing the 
15 challenge into the first part and a second part, and means for configuring the communication to 
include an indication of a length in bits of the user credential. 

In yet an aspect of this embodiment, the means for generating includes means for 
determining a length of a concatenation of an authentication protocol identifier, a user credential 
and the challenge, and means for dividing the challenge into the first part and a second part based 
20 on the determined length. 

In an aspect of this embodiment, the client further includes means for controlling 
transmission of the first communication within a tunnel between the first network device and the 
second network device. 

Other advantages, novel features, and objects of the invention, and aspects and 
25 embodiments thereof, will become apparent from the following detailed description of the 

invention, including aspects and embodiments thereof when considered in conjunction with the 
accompanying drawings, which are schematic and which are not intended to be drawn to scale. In 
the figures, each identical or nearly identical component that is illustrated in various figures is 
represented by a single numeral. For purposes of clarity, not every component is labeled in every 
30 figure, nor is every component of each embodiment or aspect of the invention shown where 

illustration is not necessary to allow those of ordinary skill in the art to understand the invention. 
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BRJEF DESCRIPTION OF TOE DRAWINGS 

In the drawings: 

Fig. 1 is a block and information flow diagram illustrating an example of a known system 
for encapsulating inner protocol communications within a tunnel provided by a tunneling 
5 protocol; 

Fig. 2 is a flowchart illustrating an example of a known method of authenticating a user 
according to an MD5 algorithm; 

Fig. 3 is an information flow diagram illustrating a known method of generating an MD5 
hash value from an MD5 hash function input sequence; 
10 Fig. 4 is a flowchart illustrating an example of a method of authenticating a user on a 

communications network according to one or more embodiments of the invention; 

Fig. 5 is a block diagram illustrating an example of a data structure of a payload of a 
communication, including a challenge, transmitted from a tunnel server to a client in accordance 
with one or more embodiments of the invention; 
15 Fig. 6 is a flow chart illustrating an example of a method of generating a preliminary hash 

value using a first part only of a challenge in accordance with one or more embodiments of the 
invention; 

Fig. 7 is a block diagram illustrating an example of a data structure of a payload of a 
communication, including a response, transmitted from a client to a tunnel server in accordance 
20 with one or more embodiments of the invention: 

Fig. 8 is a flow chart illustrating an example of a method of generating a final hash value 
on a tunnel server in accordance with one or more embodiments of the invention; 

Fig. 9 is a block diagram illustrating an example of a system for authenticating a user in 
accordance with one or more embodiments of the invention; 
25 Fig. 1 0 is an information flow diagram illustrating an example of a preliminary hash 

generator generating a preliminary hash value in accordance with one or more embodiments of 
the invention; 

Fig. 11 is an information flow diagram illustrating an example of a final hash generator 
generating a final hash value based on a preliminary hash value and a second part of a challenge 
30 in accordance with one or more embodiments of the invention; 

Fig. 12 is a block diagram illustrating an example of a general-purpose computer system 
that can be used to implement one or more embodiments of the invention; and 
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Fig. 13 is a block diagram illustrating an example of a memory sub-system of a general- 
purpose computer system that can be used to implement one or more embodiments of the 
invention; 

5 DETAILED DESCRIPTION 

Although the systems and methods described below are described primarily in relation to 
exchanging communication on a network in accordance with a tunneled authentication protocol, 
the systems and methods described herein are not limited thereto, but may be applied to any 
exchange of communications between devices, for example, any exchange of communication on a 

10 network involving encryption of data. Further, although the systems and methods described 

below are described often in illustrative relation to use of an MD5-based authentication protocol 
and/or an MD5-based hashing function, the systems and methods described herein are not limited 
thereto, as other authentication protocols and hashing functions may be used. 

Described herein are systems and methods for preventing a MiM attack without 

1 5 combining encryption keys of an inner protocol and a tunneling protocol. 

The performance of a hash function (e.g., a one-way hash function such as an MD5-based 
hash function) may be split between logical components residing on separate network devices. 
For example, in response to a challenge issued by a tunnel server on a first network device, a 
client on a second network device may initiate performance of a hash function and generate an 

20 intermediate result of the hash function (i.e., a preliminary hash value). The second network 
device then may transmit the preliminary hash value to the tunnel server on the first network 
device as part of a response to the challenge. The tunnel server then may complete the hash 
function to produce a final hash value. The final hash value then may be used to authenticate a 
user. 

25 A challenge issued by a tunnel server may be divided into a first part and a second part by 

a client. The client may use the first part only to generate a response to the challenge (e.g., a 
preliminary hash value), and the tunnel server may use the second part of the challenge to produce 
a final hash value. For example, the tunnel server may use the preliminary hash value as an 
initialization vector to a hash function (e.g., a one-way hash function such as an MD5-based hash 

30 function) and use the second part of the challenge to create a hash function input sequence for the 
hash function, and then perform the hash function to produce the final hash value. The final hash 
value then may be used to authenticate a user. 
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The final hash value resulting from splitting performance of the hash function, which may 
include dividing the challenge into parts, may be the same as a hash value that would be produced 
using known authentication protocols, e.g. MDC or CHAP, to respond to the challenge. Thus, the 
final hash value may be sent as a response to an authentication server in accordance with a known 
5 protocol, such as MDC or CHAP. Accordingly, the preliminary hash value may be converted to a 
final hash value that may be used by known protocols to authenticate a user. Conversely, a final 
hash value generated by a known protocol cannot be converted to a preliminary hash, for 
example, by an attacker, for reasons that will become clear below. 

A MiM attack may be prevented by: splitting performance of a hash function and/or 

10 dividing the challenge into first and second parts, as described above, for authentication 

performed within a secure tunnel; and performing known authentication outside of tunnels. As a 
result, an attacker could not launch a MiM attack as described above because the response (i.e., a 
final hash value) that the attacker would learn outside of the tunnel in response to a particular 
challenge would not be the same as the response (i.e., a preliminary hash value) that the tunnel 

15 server would be expecting inside of the tunnel in response to the same challenge. Thus, the 
attacker would fail to authenticate as a user inside of the tunnel. Accordingly, use of known 
MD5-based protocols such as CHAP and MDC outside of a tunnel can be protected against a 
MiM attack. 

The function and advantages of these and other embodiments of the present invention will 
20 be more fully understood from the examples described below. The following examples are 

intended to facilitate an understanding of the invention and illustrate the benefits of the present 

invention, bin do not exemplify the full scope of the invention. 

Examples 

Although the systems and methods described herein are not limited to use of an MD5 hash 
25 function, an MD5 hash function will be used as an illustrative example throughout this 

application. Accordingly, the following terms will be used for illustrative purposes and will have 
the following meanings throughout this application: 

• f(x,y) is an MD5-based hash function, where x is a 1 6-octet vector and y is a 64-octet 
message segment; 

30 • V is a 1 6-octet vector that is input to and output by the MD5 hash function, where 

- V [0| = 1, the fixed MD5 initialization vector; and 
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- V [n], with n > 0, is the output of the (n - l)th iteration of the hash function 
F(x,y), and input to the nth iteration of the hash function f(x,y); 

• L(x) is the length, in octets, of a sequence x; 

• ID is the one octet EAP identifier; 
5 • P is the user password; 

• C is the challenge; 

• S is the sequence ID|P|C, which, for known MD5-based protocols, is the sequence 
(i.e., message) from which a hash function input sequence is generated for the known 
MD5 function; 

10 • CI and C2 are two subsequences (i.e., parts) of the challenge C, which, when 

concatenated, form the entire challenge; i.e., C = C1|C2. CI is the part of the 
challenge that will be hashed by the client to produce a preliminary hash value, as will 
be described in more detail below, and C2 is the part that will be used by the tunnel 
server to generate a final hash value from the preliminary hash. The challenge may be 

15 partitioned such that L (ID|P|C1) is an exact multiple of 64 octets, as described more 

fully below; 

• C1M1N is the minimum length of CI that may be required to provide at least a desired 
amount of sufficient challenge entropy; thus, L (CI) must be > = C1MIN; 

• S' is the sequence ID|P|C1, which is the portion of S that may be hashed by the client 
20 as will be shown below; L (S') may be configured to be a multiple of 64 octets; 

• N is the number of 64-octet segments in S'; i.e., L (S 1 ) = 64* N; 

• R' is the client 16-octet response, based on the new MD5-based algorithm described 
below; 

• R is the response computed by the tunnel server, as described below in more detail, 

25 based on R' and C2. R is the response that would result by performing a known MD5- 

based authentication protocol on the complete challenge C. 
Fig. 4 is a flowchart illustrating an example of a method 400 of authenticating a user on a 
communications network according to an embodiment of the invention. In an embodiment, in 
order to avoid a MiM attack, a client uses method 400 for all communications transmitted within a 
30 tunnel across a communications network, but uses a different protocol, for example, CHAP or 
MDC, for communications outside of a tunnel. 
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In Act 402, a challenge is generated for a user. For example, the challenge is generated by 
an authentication server which may reside on a same network device as the tunnel server or on a 
separate network device, in which case the runnel server is logically interposed on a network 
device between the network device on which the authentication server resides and the network 
5 device on which the client resides. 

The challenge may be conditioned (i.e., configured) in any of a variety of ways. For 
example, the challenge may be configured to have a length that provides at least a minimum 
amount of entropy. In an embodiment, the challenge is an MD5 challenge, where the MD5 
challenge is conditioned to have a length of at least four octets to provide a minimum amount of 

10 entropy. As will be described in more detail below, the client may be configured to use only a 
portion, CI, of the challenge, C, to generate a response to the challenge. Accordingly, if the 
challenge is an MD5 challenge, then Act 402 may include adding an additional amount of 
challenge material (e.g., 63 octets) to the challenge beyond the minimum desired entropy, 
CIMIN, of the part of the challenge used by the client. A challenge padded with extra 

15 information (e.g., extra bits or octets of bits (e.g., 63)) is referred to herein as a "padded 

challenge." For example, in an embodiment of the invention, C1MIN=16, and, therefore, the 
padded challenge is configured to have a length of 79 (16+63) octets. Configuring the padded 
challenge such that L(C)=ClMrN+63 may ensure a minimum length, C1M1N, of CI because of 
the manner in which the challenge, C, is partitioned into CI and C2, for example, as described 

20 below in more detail in relation to Act 602 of method 600. 

Although the probability is low, the hash function input sequence (e.g., 1 002 described 
below in relation to Fig. 10) generated in accordance with embodiments of this invention could, 
theoretically, include the same sequence of bits as the hash function input sequence 302 (Fig. 3) 
generated in accordance with known MD5 algorithms. For example, an attacker could launch a 

25 MiM attack, send a challenge to a client outside of a tunnel using an MD5 protocol and elicit a 
response that is identical to a response that could result from performance of Act 406 and/or 
method 500. 

As described above, hash function input sequence 302 includes a message length octet 316 
that indicates the length of message 310. In an embodiment of the invention in which the 
30 challenge is an MD5 challenge, the MD5 challenge generated by Act 402 may be configured so 
that Act 406 cannot produce a hash function input sequence (e.g., 1002) that is possibly the same 
as a hash function input sequence 302 generated in accordance with known MD5 algorithms. For 



WO 2004/051964 



PCT/US2003/U38527 



-27- 

example, the MD5 challenge may be configured such that no eight-octet sequence of the 
challenge has a binary value that could possibly represent a length of an MD5 message 310. 
Accordingly, no last eight-octet sequence of the first part of the challenge (e.g., 1 004) could 
possibly have a same value as an eight-octet message length 3 1 6 of the hash function input 
5 sequence 302 generated using a known MD5 algorithm. Act 402 may achieve this goal in any of 
a variety of ways, for example, by configuring each octet of the challenge to have a non-zero 
value (i.e., include at least one logical "1"). Any eight-octet sequence resulting from combining 
such non-zero octets will have a value that is too large to be equal to an eight-octet message 
length 316 resulting from an MD5 algorithm performed outside of a tunnel. 

10 Returning to method 400, in Act 404, a first communication is transmitted from a first 

network device on which the tunnel server resides to a second network device on which a client 
resides. This first communication includes the challenge. 

Fig. 5 illustrates, diagrammatically, an example of a data structure of a payload 500 of a 
first communication transmitted from the first network device to the second network device. It 

15 should be appreciated that payload 500 does not include any header information that may be 
included as part of the first communication. The type field 502 is one octet and may be set to a 
value that indicates the type of the authentication protocol, for example, a protocol for 
implementing method 400. The client may use Field 502 to determine to implement a protocol in 
accordance with method 400 as opposed to known protocols such as CHAP or MDC. Value-size 

20 field 504 is one octet in length and indicates the length of the variable-length challenge field 506. 
Challenge field 506 includes the challenge. Name field 508 may be used to identify the first 
network device or for another purpose. 

After performance of Act 404 and before performing Act 406, the client may verify that 
the transmitted challenge meets certain requirements. For example, the client may verify that the 

25 challenge has at least a minimum length in octets, for example, a certain number of octets (e.g., 
63) greater than the minimum desired entropy, C1MIN, of the first part of the challenge. Further, 
the client may verify that a first part of the challenge will not have a last eight-octets that may 
possibly have a same value as an eight-octet message length field of a hash function input 
sequence that could be produced by known MD5 algorithms. For example, client may verify that 

30 each octet of the challenge has a non-zero value. 

If the client determines that any requirements of the challenge are not met, then the client 
may be configured to refuse to proceed with the authentication process, and may send a 
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communication to the tunnel server indicating a failure of the challenge to meet these 
requirements. 

Similarly, if the tunnel server is serving as an intermediate server between an 
authentication server that issues the challenge and the client, then the tunnel server may not 
5 generate the challenge in Act 402, but may receive the challenge from the authentication server. 
In such a case, the tunnel server may require that the challenge meet certain requirements, for 
example, requirements similar to or the same as those that may be imposed by the client when it 
receives the challenge from the tunnel server. If the tunnel server determines that any 
requirements of the challenge arc not met, then the tunnel server may be configured to refuse to 

10 proceed with the authentication process, and may send a communication to the authentication 
server indicating a failure of the challenge to meet these requirements. 

Returning to method 400, in Act 406, a preliminary hash value may be generated using a 
first part only of the challenge, for example, as described below in more detail in relation to 
method 600. The preliminary hash value is "preliminary" in the sense that it is not the final result 

1 5 of the complete hash function, but merely a hash value resulting from performance of only part of 
the hashing function on a first part only of the hashing function. 

Fig. 6 is a flow chart illustrating an example of a method 500 of generating a preliminary 
hash value using a first part only of a challenge. 

In Act 602, the challenge is partitioned into a first part (CI) and a second part (C2). The 

20 challenge may be partitioned as follows. First, the length of second part C2, L(C2), may be 

determined by performing the following operation: L(C2)=L(1D|P|C) MOD 64. For example, if 
the length, in octets, of ID|P|C is one hundred, then the length, in octets, of C2 is thirty-six. From 
L(C2), the length in octets of the first part, L(C1), may be determined, for example, by performing 
the following operation: L(C2)=L(C )-L(C2) . In the previous example, L(C1)=64. 

25 In Act 604, an authentication protocol identifier (e.g., an EAP-1D), a user credential (e.g., 

a password) and the first part of the challenge are concatenated together (in the order listed in this 
sentence) to produce a hash function input sequence, S'=1D|P|C1. An example of such a hash 
function input sequence is illustrated by hash function input sequence 1002 in Fig. 10. 

In one or more embodiments of the invention, the hash function initiated by method 600 

30 and completed in method 800 is an MD5-bascd hash function. In such embodiments, unlike 

known MD5-based algorithms, method 600 does not include adding an appendage, for example, 
appendage 3 1 7 of Fig. 3 to the message to be hashed, S'. As will be described in more detail 



WO 2004/051964 



PCT/LS2003/038527 



-29- 

below in relation to method 800, later during the performance of method 400, this appendage may 
be added to the second part of the challenge, C2, by the tunnel server to complete the hash 
function. As described above, an MD5-based hash function involves performing multiple 
iterations on sixty-four octet sequences of an input sequence. The appendage has a minimum 
5 length of nine octets. Thus, if L(C2) > fifty-six octets, then the addition of the appendage causes 
the length of the input sequence to exceed sixty- four octets. Accordingly, octets of zeroes are 
added to produce an input sequence having a length of one hundred twenty-eight octets, 
necessitating that the tunnel server perform two iterations of the hash function, which are the last 
two iterations of the hashing function. If L(C2) < fifty-six octets, then the addition of the 
10 appendage does not exceed sixty-four octets, and the tunnel server performs only the last iteration 
of the hash function. 

Accordingly, in Act 606, all but the last one or two iterations of the hash function may be 
performed on the hash function input sequence to produce the preliminary hash. For example, if 
the hash function is an MD5-based hash function, and L(C2) > fifty-six octets, Act 606 may 

15 perform all but the last two iterations of the hash function. If the hash function is an MD5-based 
hash function, and If L(C2) < fifty-six octets, Act 606 may perform all but the last iteration of the 
hash function Such hash function may be any of a variety of hash functions, and may be any of a 
variety of t ypes of hash functions, for example, a one-way hash function. A one-way hash 
function is a hash function which is cryptographically difficult to invert. In other words, if the 

20 hash function input sequence = /, the hash value = h, and the hash function = f(i) such that h=f(i), 
then it is infeasible to determine /' given h One-way hash functions often are used to generate 
digital signatures. An MD5-based hash function is an example of a one-way hash-function. 

Returning to method 400, in Act 408, a second communication is transmitted from the 
second network device on which the client resides to the tunnel server on the first network device. 

25 The second communication includes the preliminary hash value. This second communication also 
may include an indication of a length of a user credential, for example, a length of a user 
password. This indication may indicate the length in octets of the user credential, for example, 
the length in octets of a user password, L(P). This preliminary hash value may serve as the 
client's response to the challenge. 

30 Fig. 7 diagrammatically illustrates an example of a payload 700 of the second 

communication transmitted from the second network device to the first device. It should be 
appreciated that payload 700 does not include any header information that may be included in the 
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second communication. Type field 702 may have a length of one octet and may be set to the 
value of a type of authentication protocol, for example, a protocol for implementing method 400. 
The tunnel server may use field 702 to determine to implement a protocol in accordance with 
method 400, as opposed to known protocols CHAP or MDC. Value size field 704 may have a 
5 length of one octet and may indicate the length of the response field 706. Response field 706 may 
include the preliminary hash value. The octets-used field 708 may have a length of one octet and 
may indicate the length of a user credential (e.g., a password) with which the client responds to 
the challenge. The name field 71 0 may be used to identify the client or may be used for other 
purposes. 

10 Returning to method 400, in Act 410, the tunnel server generates a final hash value by 

completing the hash function, for example, as described below in more detail in relation to 
method 800. In one or more embodiments of the invention, the final hash value resulting from 
performance of Act 410 is equal to a hash value that would result if a the complete hash function 
were performed on the entire challenge by the client itself, for example, in accordance with 

15 known hashing functions such as MD5. 

Fig. 8 is a flow chart illustrating an example of a method 800 of completing a preliminary 
hash value on a tunnel server. 

In Act 802, the tunnel server establishes the current state of the hash function. For 
example, if the hash function is an MD5-based hash function, the state of the algorithm after each 

20 iteration includes: a count of the number of octets already procesned by the hash function; and the 
value of vector V. The count state may be computed based on the length in octets of the user 
credential (e.g., password) included in the second communication. The vector V may be the 
preliminary hash value, R'. 

Act 802 may include Act 804 to calculate the length of the second part of the challenge, 

25 L(C2). For example, if the challenge is an MD5-based challenge, Act 804 may include 

performing the following operation: L(C2>=(I J (ID)+L(P)+L(C)) MOD 64. The values of L(ID) 
and L(C) are known by the tunnel server because the tunnel server transmitted the challenge and 
protocol ID to the client in the first communication. L(P) is determined from the second 
communication. 

30 In Act 806, also within Act 802, the length of the - L : ortion of the concatenation of the 

authentication protocol identifier; the user credential; and the challenge, that has already been 
processed by the hash function, may be determined. For example, if the hash function is an MD5- 
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based hash function, the length of such portion of the concatenation may be determined by the 
following operation: L(S')=(L(ID)+L(P)+L(C))-L(C2). 

In a following Act 80S, the hash function may be initialized to the state established in Act 

802. 

5 In Act 8 1 0, the input sequence for the remaining one or two iterations of the hash function 

may be generated using the second part of the challenge. For example, if the hash function is an 
MD5-based hash function, then Act 810 may include appending (in the following order) the 
following appendage to the second part of the challenge: a hex 80 octet, padding octets and an 
eight-octet message length. For example, the remaining iterations input sequence may be input 

10 sequence 1 1 00 illustrated below in relation to Fig. 9. 

In some embodiments, for example, when the hash function is an MD5-based hash 
function, the number of remaining iterations depends on the length in octets of the second part of 
the challenge, L(C2). As described above in relation to method 600, if L(C2) > fifty-six octets, 
then the addition of the appendage produces an input sequence having a length exceeding sixty- 

1 5 four octets, and the number of remaining iterations is two. If L(C2) < fifty-six octets, then the 
addition of the appendage produces an input sequence having a length that does not exceed sixty- 
four octets, and the number of remaining iterations is one. 

In Act 812, the hash function may be completed using the remaining iterations input 
sequence and the preliminary hash value. Per example, if the hash function is an MD5-based 

20 hash function, then the final hash value resulting from the completion of the hash function is 
R=F(R', M[n]), where M[n]=the remaining iterations input sequence. 

Returning to method 400, in a following Act 412, the user may be authenticated based on 
the final hash value. For example, the first network device may include an authentication server 
for authenticating the user, or the final hash value may be transmitted to an authentication server 

25 on a separate network device. 

If the authentication server reside:; on the first network device, the authentication server 
may perform authentication by generating another preliminary hash value using the credential, for 
example, using the same technique as described above in relation to Act 406, and comparing this 
other preliminary hash value to the preliminary hash value received from the client. 

30 Alternatively, the authentication server may perform the entire hash function and compare the 

resulting final hash value to the final ha:!; value resulting from Act 410. It should be appreciated 
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that the tunnel server and the authentication server may be integrated as a single logical 
component on the first network device. 

In one or more embodiments of the invention, if the final hash value is sent to the 
authentication server, such final hash value is the same hash value that would be sent to the 
5 authentication server if the client itself had performed the entire hash function on the challenge. 
Methods 400, 600 and 800 may include additional acts, and are merely illustrative 
embodiments of a method of authenticating a user on a network by splitting performance of a 
hashing function between a client and a tunnel server. Such illustrative embodiments are not 
intended to limit the scope of the invention. Any of numerous other implementations for 

1 0 authenticating a user by splitting performance of a hashing function between a client and a tunnel 
server, for example, variations of methods 400, 600 and 800 are possible and are intended to fall 
within the scope of the invention. 

Methods 400, 600 and 800, acts thereof and various embodiments and variations of these 
methods and acts, individually or in combination, may be defined by computer-readable signals 

1 5 tangibly embodied on a computer-readable medium, for example, a non-volatile recording 
medium, an integrated circuit memory e! -•.v.-int, or a combination thereof. Such signals may 
define instructions, for example, as pari - T ons or more prog rams, that, as a result of being 
executed by a computer, instruct the computer to perform one or more of the methods or acts 
described herein, and/or various embodis ":nts, variations nm! combinations thereof. Such 

20 instructions may be written in any of a plurality of programming languages, for example, Java, 
Visual Basic, C, C#, C++, Fortran, Pasc ' Eiffel, Basic, COBOL, etc., or any of a variety of 
combinations thereof. The computer-rc: ■'. bb medium on which such instructions are stored may 
reside on one or more of the component ' c ;ystem 900 described below, and may be distributed 
across one or more of such components . 

25 The computer-readable medium . be transportable such that the instructions stored 

thereon can be loaded onto any comput - ystem resource; to implement the aspects of the present 
invention discussed herein. In addition. hould be appreciated that the instructions stored on the 
computer-readable medium, described r-' . ve, are not limit 3d to instructions embodied as part of 
an application program running on a he :;nputer. Rather, the instructions may be embodied as 

30 any type of computer code (e.g., softwr. r microcode) that can be employed to program a 
processor to implement the above-disc- aspects of the present invention. 
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It should be appreciated that any single component or collection of multiple components 
of a computer system, for example, the computer system described below in relation to Figs. 12 
and 13, that perform the functions described above with respect to describe or reference the 
method can be generically considered as one or more controllers that control the above-discussed 
5 functions. The one or more controllers can be implemented in numerous ways, such as with 
dedicated hardware, or using a processor that is programmed using microcode or software to 
perform the functions recited above. 

Fig. 9 is a block diagram illustrating an example of a 900 for authenticating a user in 
accordance with one or more embodiments of the invention. 
10 System 900 may include client 9C2 residing on a second network device 901, network 

909, network 936, tunnel server 914 residing on a first network device 913, and authentication 
server 926 which may reside on first netw ork device 913 or another network device. Client 902 
may be configured to receive challenges, for example, challenge 932, outside of a network tunnel 
across a network 936. Further, client 9C2 may be configured to transmit responses, for example, 

1 5 response 934 outside of a tunnel across network 936. The client 902 also may be configured to 
receive a challenge 912 (e.g. a padded challenge as described above in relation to Act 402 of 
method 400) from tunnel server 914 an.' 'o generals and transmit a preliminary hash value 910 
within a tunnel 908 across network 90? : tunnel server 914, for example, in accordance with 
Acts 404 and 406 and method 600. Th: , reliminary hash 910 may be transmitted within a 

20 communication 911 (e.g., communicat" : 500), which also may include a user credential length 
920 (e.g. password length). 

The client 902 may include a p: ■ ! nary hash value generator 904 to receive an 
initialization vector and a hash function ii:r.ut sequence, and to generate preliminary hash value 

91 0, for example, as described above in ' .tion to Act 406 and method 600. Client 902 also may 
25 include hash value generator 906, whi? 1 nay be configured to generate a hash value in 

accordance with Acts 206 and 208 . Fc: :n nple, hash value generator 906 may be configured to 
operate similar to or the same as hash v ' e genera for 104 described above in relation to Figs. 1 
and 3. Preliminary hash value genera!' ?ji and hash value generator may be a same component 
configured (e.g., programmed or hard-v "' ed) to generate final hash values or preliminary hash 
30 values depending on the authentication . : col bring used for a particular session. For example, 
the client may be configured to detenn;;. "..s authentication protocol for a session based on an 
authentication protocol identifier recer '..t communication 932 or 911. 
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The tunnel server 914 may be configured to generate a challenge 912, which may be a 
challenge padded as described above in relation to Act 402 of method 400, and to transmit it 
through tunnel 908 across network 909 to the client 902, for example, as described above in 
relation to Acts 402 and 404 of Fig. 4. The tunnel server 914 may include a padded challenge 
5 generator 9 1 8 to generate the challenge of 9 12. Padded challenge generator also may be 

configured to generate non-padded challenges in accordance with know authentication protocols. 
The tunnel server 914 also may be configured to receive preliminary hash value 910 transmitted 
from the client through the tunnel 908 across network 909, and to complete the hash function to 
produce the final hash value 922, for example, as described above in relation to Act 410 of 

10 method 400 and method 800. The tunnel server 914 may include a final hash value generator 916 
to generate the final hash value 922. 

If the authentication server 925 does not reside on network device 913, the runnel server 
914 may be configured to transmit the final hash value 922 to the authenti cation server 926 so that 
the authentication server 926 may pci form tire authentication, for example, as described above in 

1 5 relation to Act 4 12 of method 400. 

As described above, in one or more embodiments, the challenge 912 is not generated by 
the tunnel server 914, but is generated by the authentication server 926 residing on a separate 
network device. In such case, ti e authentication server V26 may include a padded challenge 
generator 930 that generates challenge 924 (which may be a padded challenge), which is 

20 forwarded through the tunnel 90S as challenge 912 by the tunnel serv ;r 2U. 

Fig. 10 is an information flow diagiam illustrating an example of a preliminary hash value 
generator 906 generating a prel'mina y hash value 910. 

The preliminary hash value generator 904 may be configured to receive the initialization 
vector 1012 and a hash function input sequenc e 1002. As described above \\\ relation to Acts 602 

25 and 604 of method 600, the hash fun. tic n input sequence 1002 may include authentication 
protocol identifier 1008, u:erci -Jcnt'al IC?6, and a fin;: part of the thfllcng j 1004. The hash 
function input sequence 1002 m. j be configur-d such that the preliminary hash value generator 
906 receives the information in .he e: de. p-.ascnted in the previous- a -.m:ice, specifically: 1008, 
1006, 1004. The preliminary h .ah valu. generator 90-1 then may ge;..;r. rj, the preliminary hash 

30 value 910 as described above I. r?!a::;>r. tc Act 506 of method 600. 
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Fig. 1 1 is an information flow diagram illustrating an example of a final hash value 
generator 916 generating a final hash value 922 based on a preliminary hash value 910 and a 
second part of a challenge 1110. 

The final hash value generator 916 may be configured to receive the preliminary hash 
value 910, generated by the preliminary hash value generator 904, and the remaining iterations 
input sequence 1 100, and produce final hash value 922. The final hash value generator 916 may 
be initialized to the current state of the hashing function, as described above in relation to Act 808 
of method 800. The preliminary hash 910 may serve as current vector, V, of the hash function. 

The remaining iterations i;;put sequence 1100 may include appendage 1 102 and the 
second part of the challenge i 110. As described above, appendage 1 102 may include an eight- 
octet message length field 1 104, padding octets 1106, and a hex 80 octet 1 108. The remaining 
iterations input sequence 1 100 may be configured such that the final hash generator receives the 
information included therein in the following order: 1110, 1 ICS, 11 Oo, 1104. 

Client 902, tunnel server 911, authentication server 926 and components thereof, including 
preliminary hash value generator 904, hnr.li value generator 906, final hash value generator 916 
and padded challenge generator 91 S may be implemented using software (e.g., code in C, C#, 
C++, Java, or a combination thereof), hr ' /arc (e.g., one or more application-specific integrated 
circuits), firmware (e.g., eledricallv-r:. „ amnaed memory) or any combination thereof. For 
client 902, tunnel server 91 ' and autli -retention server 926, one or mere of the components of 
each may reside on a single .-vstem, or rr.- or more components may reside on separate, discrete 
systems. Further, each comr~nc.it :v.: y V. : distributed across multiple systems, and one or more 
of the systems may be inter . : . in c r . -r! 

Further, on each of the or: ;- :.r r - - systems that include cne or more of the components, 
each ofthe components ma; res" 'r ir- - - ~r naare locations on the syatem. For example, 
different portions ofthe cc ../or, ,: >. . • -sic*: in ''iff rent areas o r v emery (e.g., RAM, ROM, 
disk, etc.) on the system, p~.-.-.3v npr -ariV/. Each rf r -eh r ,e or more systems may 

include, among other com}, i-.cn'r, a ; V • ~'i!y of known components rich as one or more 
processors, a memory systr. , a -'irk.: w 3 system, cr.?. or :r.:rene;--crk interfaces, and one or 
more busses or other inter;. : cc: '-. ..' :n l>.ks inlcraon.-...-. '.-..^ various components. Each 
of client 902, tunnel serve: ? 1 ' • : a .:' :.Lico-:'on server 926 may be implemented on a computer 
system described below in,.: a.: i :: 7"*^... 12 ad 13. 
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System 900 is merely an illustrative embodiment of a system for authenticating a user by 
splitting performance of a hashing function between a client and a tunnel server. Such an 
illustrative embodiment is not intended to limit the scope of the invention, as any of numerous 
other implementations of authenticating a user by splitting performance of a hashing function 
between a client and a tunnel server, for example, variations of system 900, are possible and are 
intended to fall within the scope of the invention. 

Various embodiments according to the invention may be implemented on one or more 
computer systems. These computer systems, may be, for example, general-purpose computers 



such as those based on Intel PENTjLv ' 
Hewlett-Packard PA-RISC processors, 
that one or more of any type cor.m ate . 
performance of a hashing function bet- 
embodiments of the invention. Perth', r 
computer or may be distributed among 
network. 

A general-purpose computer:;-, 
configured to authenticate .: user b„. 
and a tunnel server. It should 1- app.-e 
invention is not limited to-be vi.. w ...r. . 
"set" of items may include ■ me. . 

For example, various as;. ...:;..! 
executing in a general-pure.-.,*, ce.. pa ' 
computer system 1200 may include a t . 
1204, such as a disk drive, me, .-.cry, > 
used for storing program., ..e.d ds.t.. J 
of computer system 1200 ...ay : c . 
include one or more busse, (e.^ . s * . . 

and/or a network (e.g., b. ... .... , 

interconnection mechanic... V- ." 
exchanged between syste... . . .... ... 

one or more input devices : IZZ., 
screen, and one or more ex. da. ic 



t; p-e processor, Motorola PowerPC, Sun UltraSPARC, 
:: any other type of processor. It should be appreciated 
ys.cm may be used to authenticate a user by splitting 
ecu a client and a tunnel server according to various 
the software design system may be located on a single 
. plurality of computers attached by a communications 

teres according ;o one embodiment of the invention is 

performance of a hashing function between a client 
a..cd that the system may perform ether functions, and the 
i.ular funclh ;i or set of functions. As used herein, a 

. ."such items. 

inv-.-.ticn may be implemented as specialized software 
: yste..- 1200 such ;is that shown in Figure 12. The 
..cessor 1203 connected to one or more memory devices 

'.er device for storing data, rdemcry 1204 is typically 
o; ..at ion cfthe can. /.iter . ...e .i 1200. Components 
. ' " y ;.a int.iv eumrti.m ineelasdsia 1205, which may 

mpjnce.ta that i....g: ..tea within a same machine) 

........ reside on separate discrete machines). The 

. mien.Lns a, i...,. ructions) to be 

.."sy....m I_j0. Computer sy.,tem 1200 also includes 
....; 1.. a kc} beard, i:../jsc, rrr.e!;ba!! s microphone, touch 
id; cxc..., !e, a ; rim'iag •device, display screen, 
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speaker. In addition, computer system 1200 may contain one or more interfaces (not shown) that 
connect computer system 1200 to a communication network (in addition or as an alternative to the 
interconnection mechanism 1205). 

The storage system 1206, shown in greater detail in Fig. 13, typically includes a computer- 
5 readable and-writeable nonvolatile recording medium 1 301 in which signals are stored that define 
a program to be executed by the processor or information stored on or in the medium 1301 to be 
processed by the program. The medium may, for example, be a disk or flash memory. Typically, 
in operation, the processor causes data to be read from the nonvolatile recording medium 1301 
into another memory 1302 that allows Ibr faster access to the information by the processor than 
10 does the medium 1301. This memory \Z 02 is typically a volatile, random access memory such as 
a dynamic random access memory (DRAM) or static memory (SRAM). It may be located in 
storage system 1206, as shown, or in memory system 1204, not shown. The processor 1203 
generally manipulates the eu.li: within the integrated circuit memory 1204, 1302 and then copies 
the data to the medium 1301 after preceding is completed. A variety of mechanisms are known 
1 5 for managing data movement between the medium 1301 and the integrated circuit memory 
element 1204, 1302, and the invention is not limited thereto. The invention is not limited to a 
particular memory system '.204 or :;tur.;^ jyjtcm 12'M 

The computer sysu...i may inch:.;., ..pecially-programmed, special-purpose hardware, for 
example, an application-;;,, txi.'.c integrated circuit (ASIC). Aspects of the invention may be 
20 implemented in software, h-m! ..arc or ; • are, or any combination there,, f. Further, such 

methods, acts, systems, r,y.....u clem:....: ..mi components thereof may be implemented as part of 
the computer system des^'jed r.bcve : an independent component. 

Although computer a,o'..:r. ..':ev/n by .ay of example as one type of computer 

system upon which vario;..; ac^eet., a ."the invention n.ay be practiced, it should be appreciated 

25 that aspects of the invent'.. „ ..at ]'..::'■: ^. bcm b implemented on the computer system as 

shown in Fig. 12. Varioi.. :j antic;: a. .. be practiced on o:.e or more computers 

having a different archite.. are _.- cc... 4 .. ..ems that thf.. ..hown in Fig. 12. 

Computer system . ..-.ay L- ... e,e:.eral-pur;. computer systei.. that is programmable 
using a high-level compet .. r . a. 0 ra.;a..;.. 0 language. Computer system 12-0 may be also 

30 implemented using speci... v ,.:•;:;;..: ..I, ..pecia! ;..::.. jae hardware. In computer system 1200, 

processor 1203 is typical y .. c. ....... j .. ailallc , . :ceasor such as th. well-known Pentium 

class processor available ..>.... h..-i ...... :a:i.:m '. 'any other process: : :; arc available. Such a 
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processor usually executes an operating system which may be, for example, the Windows 95, 
Windows 98, Windows NT, Windows 2000 (Windows ME) or Windows XP operating systems 
available from the Microsoft Corporation, MAC OS System X available from Apple Computer, 
the Solaris Operating System available from Sun Microsystems, or UNIX available from various 
5 sources. Many other operating systems may be used. 

The processor and operating system together define a computer platform for which 
application programs in high-level programming languages are written. It should be understood 
that the invention is not limited to a particular computer system platform, processor, operating 
system, or network. Also., it should be apparent to those skilled in the art that the present 

10 invention is not limited to a specific programming language or computer system. Further, it 
should be appreciated that ui.er appro;.: iale programming languages and other appropriate 
computer systems could o be i.^ed. 

One or more porti: A" Ac. computer system may be distributed across one or more 
computer systems (not she-. .;.) o^iplcJ to a communications network. Those computer systems 

15 also may be general-purp. .a computer items. For example, various aspects of the invention 
may be distributed among one or more . mnputer systems configured to provide a service (e.g., 
servers) to one or more c : ....t ccmpuU . \ to perform an overall task as part cf a distributed 
system. For example, va. I ..i.:.; :.. ;,ccts ;. :" Ac invention : nay be performed c. n a client-server 
system that includes con.j .list. J aincug one or more server system.- that perform 

20 various functions accord;. ^ to embodiments of the invention. These components may be 

executable, intermediate or A: . 4 .rctcd (e.g., Java) code which communicate over a 

communication network (e.„.. A. :ntc. ..:.:.) using a communication protocol (e.g., TCP/IP). 

It should be appr.. A...! Aat tl. • :.. /ention h not limited to executing cr. any particular 
system or group ofsyste: ... A Ac, it :A.. A.i be appreciated that the invention is not limited to any 

25 particular distributed are!.: net. or conimunicatAn protocol. 

Various embodii _ ..i'.i.op... ont Avcr.'Ajn nay l,e pregramnttA lining an object- 
oriented programming la a. SmallTA! , Ja C !•+, Aria, or A..' (? fharp). Other 
object-oriented program,.. ....mm^... .nay also lc uaeJ. Alternative;;., functional, scripting, 

and/or logical programr.. A w i ...„.... 0 - . .ay leu:. .A Various aspects cf Ac i... mtion may be 

30 implemented in a non-pi w i e nment v 'c.g., J„,a..ients crcat. J in 1 A AIL, XML or 

other format that, when ., . ...u\.i ... .v cf .a A oy..,_. o.vgram, rate* ; a.-;.: . of a graphical- 
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user interface (GUI) or perform other functions). Various aspects of the invention may be 
implemented as programmed or non-programmed elements, or any combination thereof. 

Having now described some illustrative embodiments of the invention, it should be 
apparent to those skilled in the art that the foregoing is merely illustrative and not limiting, having 
5 been presented byway of example only. Numerous modifications and other illustrative 
embodiments are within the scope of one of ordinary skill in the art and are contemplated as 
falling within the scope of the invention. In particular, although many of the examples presented 
herein involve specific combinations of method acts or system elements, it should be understood 
that those acts and those ei.mcnt.:: ma;- !:e combined in other ways to accomplish the same 

10 objectives. Acts, element.; and ilaUuvs discussed only in connection with one embodiment are 
not intended to be exclude '. i: cm a simiLr role in other embodiments. Further, for the one or 
more means-plus-functio: . I'.mitaimns u-ited in the following claims, the mean:; are not intended 
to be limited to the means .iiseiosod herein for performing the recited function, './at are intended to 
cover in scope any equiv. means, 1::. own now or later developed, for performing the recited 

15 function. 

Use of ordinal ten... as "fir:.,;", "second", "third', etc., in the claims to modify a claim 
element does not by itsci." . . a;.. , . iority, presence, or order ofene claim element over 
another or the temporal (..... ..[-J., a.ts of a s;^t:..;d are performed, Lat are a:.;ed merely as 

labels to distinguish one . : ..a .'....ie... i.avir.g a aia name from anollicr clement having a 

20 same name (but for use ».;j:..al ... ..i) to distmj.niah tin: claim elements. 

What is claimed i 



WO 2004/051964 



PCT/US2003/038527 



CLAIMS 

1 . A method of at least partially authenticating a user on a communications network, the 
method comprising acts o!:": 

(A) transmitting a first communication from a first network device to a second network 
device, wherein the first communication includes a challenge; 

(B) in response to receiving the challenge, generating a preliminary hash value by 
performing only part of a hash function on a first part of the challenge, wherein the first part is 
less than the complete challenge; 

(C) transmitting a second communication from the second network device to the first 
network device, the scco;:d nk...:~n including ;hc preliminary hash value; and 

(D) completing pc. . ormancc of the hash function on the first network device to produce a 
final hash value. 



The method of cl !, v 
performing only \ . ! ;. !'. 



act (13) comprise.;: 

Digest 5-cused encryption function. 



3. The method of ef d 
appendage of informatic. 
has a length that is amu'.: 
to a standard Message Di. 

(3) generating an '.: 
concatenating informal; 
network device; and 

(4) inputting the i;. 
without previously add'.... 



: 2, wi.ert'.r. a standard Message Digest 5 algorithm includes adding an 
•> :...n:l. .. :o be c.amu.'.adcaled to produce pad' 1 -.! information that 

eDd.-.ty-Dur octets, and includes inputting the padded information 
.1 i- fu;:-fioa, and wherein act (13) comprises: 
at .;eq..:c;.ce to tire Mcss.-gc Digest 5-based encryption function by 
' '..c c ;.. dialed free. d; v second network device to the first 

sequence into the Message Digest 5-based encryption function 

. ...;d.._,c of LLr: v.n fi.e input sequence. 



4. The method of cd 
performing a first iv.aui 
less than the first numb, 
iterations equal to ti e C. 
of the hash function. 



a;! [D. 
... the . ec 



:..ancc of the h:\zl: 'unction involves 

. . aii v.g a second number of iterations 
performing a third number of 

; esu.lting in a cov.. piste performance 
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5. The method of claim ] , wherein act (D) includes completing the hash function using a 
second part of the challenge, wherein the first part and the second part form the complete 
challenge. 

5 

6. The method of claim 1, wherein act (B) includes generating the preliminary hash value 
based, at least in part, on the first part of the challenge and a user credential. 

7. The method of claim 6, wherein act (B) includes dividing the challenge into the first part 
10 and a second part, and the method father cc:np:\:es: 

(E) configuring thv recon.l .cr.-.niunicaticr. It. Include an indication of a length in bits of 
the user credential, and 

wherein act (D) includes completing the hash Junction based, at least in part, on the second 
part of the challenge and ti;c length of the user credential. 

15 

8. The method of claim 7, wherein act (D) includes: 

(1) determining a s';aU of d;c has!, function based, at 'cast in part, on the length of the user 
credential; and 

(2) completing the f hr. ba.,cc! ; :.. ". .. '. i.i ;• .!, the ck'. :::.:'.:;:£ :'ate. 

20 

9. The method of clai.n 7, v. herein act (D) fjr'd.e; •. emprises: 

(1) determining a J':. ... lh. ...c.ond p;.rt l:...ed, at least in part, on a length of the 
challenge and the length of tin; user cr-d.-ntial; and 

(2) completing the hash function hased, ::: least in part, on the determined length of the 
25 second part. 

10. The method ..'"ch.i... 1, ■..,n. r :-i. i. . .". 

(E) generating the challenge on the first network device, including generating a portion of 

the challenge having a le.. ah i t . a desired as:. .. ;:y for the challenge, and 

30 appending bits to the pord./ .':i.c ci...ii. nge : the challenge. 

11. The method ;. f claim i v/h. . ':: r." '"7 hie hides a;- pending sixty-three bits to the portion. 
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12. The method ofclrmn 1. where;;, the challenge includes a plurality of sequences of bits, the 
method further comprising an act of: 

(E) generating the challenge on the first network device, including configuring one or 
5 more of the plurality of sequencer u: include at least one non-zero bit. 

13. The method of claim 12, wherein each sequence is an octet of bits. 

14. The method of claim i, further comprising an act of: 

10 (E) generathm ±- J.rm\.. 0 _ c. ;". _:v. ...h J.-, he, m.luding comparing the 

challenge to include at lea . .'. ..mm number of octets of bits. 

15. The method „?c'.J.. :. J. : c. 

(1) determining a length of a concatenation of an authentication protocol identifier, a user ■ 
15 credential and the cm.dcm ; ami 

(2) dividing the challenge into me first pan and a second part based on the determined 

length. 

16. The method :.f elm. . :. a;: act of: 

20 (E) authenticating I.:., n.,.-/ j~o-d en .he a! hash valac. 

17. The method m claim ;, -.vh.ri.;.. me method fu. .;.<.: ...mpiiscs an ..c: cf: 



(E) transmit! 
device configured to 



;ii i: 



hash value to a third network 



25 



18. 



The method ofcm; 



niih 



:nr.mnication 



within a tunnel be...^_; 



.d network device and Act (C) 



includes transmitth 



30 19. A system f .-. ..! La>. , ...::..:!/ u;.. . a amvamcatkr.:; network, the 

system comprising: 
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a first communication device operative to transmit a first communication from a first 
network device to a second network device, wherein the first communication includes a 
challenge; and 

a second network device operative to receive the challenge and transmit a second 
5 communication from the second network device to the first network device, the second 
communication including a preliminary hash value, 

wherein the second network device includes means for generating a preliminary hash 
value by performing only part of a hash function on a first part of the challenge, wherein the first 
part is less than the ccmpfo.- chafoang . .. id 
10 wherein the first network devL: includes means for completing performance of the hash 

function to produce a final hash value. 

20. The system of claim IT, v.'.-.: rem the second network device includes means for 
performing only part of a hfovag' l-'lj-.n 5 -based encryption function. 

15 

21. The system of claim foe, wherein :•. standard V. ..sags Digest 5 algorithm includes adding 
an appendage of inf.;. mm n :., h for. . ion to be com.municavcd to produce padded information 
that has a length that is a ...sl.folc of -foar ccte'.a. and ir.ckufoj inputting the padded 
information to a standard Message Digest 5 function, and 

20 wherein the sceonci neiwe: lc de eiee includes means for generating an input sequence to the 

Message Digest 5-ba.,ed ..-.sr. fo .-dm: h: m;...:. i:; 0 informal,, n to fo communicated 

from the second ncr.. ml; .lev h .. 1...L ;.m.-.orkd. eke, and includes means for inputting the 

input sequence into the Ivfoss. ac h iges. > based encr; viimi function without previously adding an 
appendage of inform... ic. n am ; .- 

25 

22. The system efocLl h ..h.;.. die em/.j i. :. p^.fo folic hash inaction involves 

performing a first m.n.'m . fo i am. . and the second network device includes means for 

performing a second mm. her fo'formi .. less th.m ['..:. fm-t i umber m r ih.raticr.s, and wherein the 
first network device l.fo.. 'es . .'. , . . r . ..nnh.w o!"h. ion - ;ual to the first 

30 number minus the se. m .... . ; . ... w '. m. i... /-erfom-.ancc of the hash function. 
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23. The system of claim 19, wherein the first network device includes means for completing 
the hash function using a second part of the challenge, wherein the first part and the second part 
form the complete challenge. 

5 24. The system of claim 1 9, wherein the first network device includes means for generating 
the preliminary hash value based, at least in part, on the first part of the challenge and a user 
credential. 

25. The system of claim 21, v. herein the second network device includes means for dividing 
10 the challenge into the first part ;:r. ! a scrend part, an:! for configuring the second communication 
to include an indicath :i c :" :: length in bits of the user credential, and the first network device 
includes means for completing the hash function based, at least in part, on the second part of the 
challenge and the length i ft!.. i:...r cree'entinh 

1 5 26. The system of claim 25, wherein the first network device includes means for determining a 
state of the hash function based, at least in part, on the length of the user credential, and for 
completing the has!. .a..-.h,n ;.. lest in ;ari, en .he deLrmmc:! length. 

27. The system ...Mch . .herein the fir. '. r.etwrr!; .'r. ice includes means for determining a 
20 length of the second p-;t : h . .t least in p.:.; ; a Lng.h of the challenge and the length of the 

user credential, and .'" . ■>;■„.., . the h..si, !. ..ction eased, at least in part, on the determined 
length of the second part. 

28. The system ofi claim ;;, v.hcmin die first network device includes means for generating 
25 the challenge on th. h ....ice, inchi 'am ::. ;..ns f. . g.n era. h^ .. portion of the 

challenge having a L..gdi -cpe..: . a deshea nnmum .d'.ntre. y fc; the challenge, and means for 
appending bits U, ti... , ' .. . ch.fi.... ..p.. .J.- mfifina^. 

29. The metl.cd ."eh.:. ... .eiafi.s :h fi -..u ,h de. iee hie ha : s means her appending 

30 sixty-three bits to :h ..chm. 



WO 2004/051964 



PCT/US2003/038527 



-45- 

30. The system of claim 19, wherein the challenge includes a plurality of sequences of bits, 
and the first network device includes means for generating the challenge on the first network 
device, including means for configuring one or more of the plurality of sequences to include at 
least one non-zero bit. 

5 

3 1 . The system of claim 30, wherein each sequence is an octet of bits. 

32. The system of claim 1 9, wherein the first network device includes means for generating 
the challenge on the liril :tetw;>rk .ievice, including means fcr configuring the challenge to 

10 include at least a minimis: ; length cT bits. 

33. The system of claim 19, wherein the second network device includes means for 
determining a length of a concatenation of an authentication protocol identifier, a user credential 
and the challenge, and uh-..:v:, dividing the c! -. !!enge into the .first part and a second part based 

15 on the determined length. 

34. The system oioi. I.,, .. ...rein the first ncl-.v:.,:. device i:i:!uJw; means for 
authenticating the use. 1... d final hash value. 

20 35. The system o.'ck.! r. } v. here in the first network device includes means for transmitting a 
third communication h\C\. fin:.! hash vi:i.:e to a J nctv.ork de.'.-e configured to 
authenticate the user. 



36. The system of clk.m i 0, wherein the fir.,1 neiwoi k device includes means for transmitting 
the first commumcati. :. ..kill.. ;. . ..;ncl betwcui C. Z.\. .^;..otk ck .»:.J the second network 
device. 



30 



37. The sysi. 
transmitting the 
device. 



tern c, .: 
: secor, ! 



:e includes means for 
. kc .. ,;i <he second 
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38. A computer program used to control a computer to perform a method of at least partially 
authenticating a user on a communications network, the method comprising: 

(A) transmitting a first communication from a first network device to a second network 
device, wherein the first communication includes a challenge; 
5 (B) in response to receiving the challenge, generating a preliminary hash value by 

performing only part of a hash function on a first part of the challenge, wherein the first part is 
less than the complete challenge; and 

(C) transmitting a second communication from the second network device to the first 
network device, the sec ad ctmmunication including the preliminary hash value; and 
10 (D) completing ;.. .rformar.a. of the hash ftcxfi :n on C:c first network device to produce a 

final hash value. 

39. The computer ... gram of claim 38, where::: net (.-) -ompr'.jcs: 
performing on'. . . arte fa Menage Digect 5-cased one r; S. -,: fur. 'ion. 

15 

40. The computer ; r. gram of claim 39, wherein a stand::: d Me;::;agc Digest 5 algorithm 
includes adding an a,:; — lag. ..fin formation to :;::atic.:: :c be crmmameaicd to produce 
padded informal ion tl. / i..;S ;; Ur.^.'.i lla.t isan:::i.i; L f sLiy-ieur oc'.„:.:. and includes inputting 
the padded informatior. to a standard Message Digest 5 function, ami wherein act (B) comprises: 

20 (3) generating a.; input sequence to the Message £ igest 5-based encryption function by 

concatenating ii.. "aim;. '. .toi.ee,-. unicatedfi, ; ii.c ... :■ ' ... .'.-or!; devieo to the first 

network device; ...rid 

(4) inputting the . . put .-equence into the Message Digest 5-based encryption function 
without previously a J. . 0 an . 11 ^...i. ,ge of inf.: ;iaa ... 1 . ..pa..:., c. 

25 

41. Theccm.-utw. , 0 /u... ..." ..I... 38, wh :. , L:. ......co of the hash 

function involv-..., pe. .'" ...lag .if :..;berof i f.c.i. .. i ..it : ;: :rfa:.-.-.i:.g a second 

number of itcralLns I-. . .l:a:. the '...A number c: i.r.r ...:d act (D) includes performing a 
third number of i: era ti zq:...\ .he .Irst numbt : ' .r, . j.;a!:ir.g in a 

30 complete perfc: c.c ; . the function. 
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42. The computer program of claim 38, wherein act (D) includes completing the hash function 
using a second part of the challenge, wherein the first part and the second part form the complete 
challenge. 

5 43. The computer program of claim 38, wherein act (B) includes generating ihe preliminary 
hash value based, at least in part, on the first part of the challenge and a user credential. 

44. The computer program of claim 43, wherein act (B) includes dividing the challenge into 
the first part and a seer.;..: -art, am! the method [mthtr cue.ipjises: 
10 (E) configuring :ho exon:: rommunicalion \z inch::!; an indication of a length in bits of 

the user credential, and 

wherein act (D) includes completing the hash function based, at least in part, on the second 
part of the challenge a;..: 'die length of die user credential. 

15 45. The computer program of claim 44, wherein act (D) includes: 

(1) determining a stale of the hash fond;-, bared, :.l least in part, on the length of the user 
credential; and 

(2) completing d.s ha:,'.: f,..::;icn based, at leaal U: ; a at, an She determined refute. 

20 46. The computer pre gram of claim 44, where!;, act (B; farther compiles: 

(1) dctermLlna.. .. length '...'the „ccond part ar..;..', ..t leaat in part, on a length of the 
challenge and the length of the user credential; and 

(2) completing d.e ha.,h Baietion based, at least in pa: t, on the determined length ofthe 
second part. 

25 

47. The compa... ; . ,.-gr ^. . 38, wh . .. . .'....d d.. a, a. a mprls.:; ::a act of 

(F.) generating the challenge on the first network device, including generating a portion of 
the challenge havii.^ a k ng'd. e^a... to a desired a.;..ja, . ...tup;/ \.._ ; hrdlengc, and 
appending bits to ti.~; ,.':io.. „.".:.. ehJlangc to p. .ah:. . J: dk:r;. . 

30 

48. Thecompu.. . . .:igra ' iaaa -17, wh. '. :..: ;' h.ch:::.. appending sixty-three bits to 

the portion. 
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49. The computer program of claim 38, wherein the challenge includes a plurality of 
sequences of bits, the method further comprising an act of: 

(E) generating the challenge on the first network device, including configuring one or 
5 more of the plurality of sequences to include at least one non-zero bit. 

50. The computer program of claim 49, wherein each sequence is an octet of bits. 



51. The computer program of claim 38, wherein the method further comprises an act of: 
10 (E) generating the challenge on the first ne".v,;r!: device, i including configuring the 

challenge to include at least a m:rhr;u;.i number croc:-..:: of bits. 

52. The computer i ::ogrr.;;-, , C Jai.v, 38, where in act (2) comprises: 

(1) determining a length of a concatenation of an authentication protocol identifier, a user 
15 credential and the chad .age; ,.;:d 

(2) dividing the challenge into the first part and a second part based on the determined 

length. 

53. The compi.,-/ ::.„gra.., „f -i-i. .i 38, where hi hi. :...'J:od further comprises an act of: 
20 (E)authentLv.:;.igthe e.;e: da red on the final i-.nc!: v:.luc. 

54. The computer ..rogn.:.. .dahn 38, wherein the .hod further comprises an act of: 
(E) transmh.h._ .. thi.d . j;,.:nunication i:.. lading d*.. i'ma! hasli value to a third network 

device configured to rradicn'.iraee d.3 user. 

25 

55. The compi....- p.ogra.a of ei.dm 1, where;.! ..el (.'., i. .elude; ira.-..;.nitting d,e first 

communication v. id..'... :;:.... J .'. n the f. -: ■ ' I ire :v.u! the second network device 

and Act (C) inclu.i... s;.d..i.. 0 d„ „ocond re e.d viihin the tunnel. 

30 56. A method or. ieae! . ... d....y ..adicnti,;.. h.g ; r. ::.i ■ ii r. • .-rtwork, the 

method comprisi,.-. 
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(A) transmitting a first communication from a first network device to a second network 
device, wherein the first communication includes a challenge; 

(B) receiving a second communication from the second network device to the first 
network device, the second communication including a preliminary hash value resulting from 

5 performance of only part of a hash function on a first pari of the challenge, wj. a re in the first part 
is less than the complete challenge; and 

(C) complet ing performance of the hash function on the first network device to produce a 
final hash value. 



10 57. The method of claim 56, v. herein the prclhninar heuh value is a result of partial 

performance of an : ics^.gj Digc:d a'-bsscd encryption ::.:n on fh. 1.1: Jt part of the challenge, 

and wherein act (Z\ c r .!ses: 

completing die h-lCiSag--. C eg-;: 5-bas^d en cry; ."Unction. 



15 58. The method ofcLiui 56, wherein the ccn:;:Ictc pc; dumaacc of the hash function involves 
performing a first number of iterations, and wherein the preliminary hash value resulted from 
performance of a second number ol' iterations less than the f.rst number of iterat ions, and 

wherein act (C, -dudes pc; forming a third a-.. ..f iterations equal to the first number 
minus the second ;.. ...b.r, rCoid.h.g hi a com;, Lie :' e of d.„ ; h fv.nciijr: 

20 

59. The mcth.,„ „;'c..d..i act (C; h.uL.L. . ... v Ldag the ha.-h function using a 
second part of the challenge, wherein tiie first part and the second part form the complete 
challenge. 



60. The method 56, ..... rein the ch. dL..^.. ; .". ■ - , . u : .he !.. . ' part and a 

second-part, and d.. ^..d. ./.,.„;•, ! , value L L..u d. .. . . h. d.e f.s: part of the 

challenge and a a '. hd. ... : d.. jccc.J cc- V.. . u ::..d ..n • •..!:. .den of a length 

in bits of the usei v. _d w ..h.i, and 

wherein . d.-dud. ., . ..../..ting d.. ).... .. ' d. ... art u; pari, on the second 

part ofthechallcag. : d.e L.^lh wf die user credcnii..!. 



61. The method 



claim 60, v. herein act (11) dichaL. 
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(1) determining a state of the hash function bared, at least in part, on the length of the user 
credential; and 

(2) completing the hash function based, at least in part, on the determined state. 

5 62. The method of claim 60, wherein act (C) further comprises: 

(1) determining a length of the second part based, at least in part, on a length of the 
challenge and the length of the user credential; and 

(2) completing the hash function based, at least in part, on the determined length of the 
second part. 

10 

63. The met;.; C :f clear: 56. fall:.;- comprisi'.-.j af: 

(D) generating the challenge on the first network device, including generating a portion of 

the challenge hav!.:;; a lca_ di tvu.d t .; desired auc; : !' :r.;'ror.y for the challenge, and 
appending bits to d . : or: ; a od'd.e ehaaengc tr ;:roda . :'.e ;!;;illen-e. 

15 

64. The method •: fclni:.: C3, \. herein act (D; I.-.ch •.!•. r a; ending s::.:y-;hrce. bits to the 
challenge. 

65. Then. eld. . .fc!..'..i 56, -..i.s-.Jn the z'.::.Y. d...!es a p!ur;:!Ily of sequences of bits, 
20 the method further amp; iring \ct . f: 

(D)g-..-;. .'id. '..ad fa. :. n. ■• ' '. de ; d".o!udd;g e. ..d.garing one or 
more of the piund. . f.,: I.,.I..Jc ..: I s; ear:., hi:. 

66. The met:. od . d.dd ..i d_", -..d.:.d: a..ed . ...... d' . ,c:... ; [": I .. . 

25 

67. The method of claim 56, further comprising an act of: 

(D)g-:... ^id .... • .I,..".. ':e, i:--!!!:' ; ag c- . d^e.digthe 

challenge to i.;.I id. I.r.. a. length of hif.a 

30 68. The:....:. ... ;., . .. o ... d. 

(D) authentic... dug die us-' eased on the f.ial hash value. 
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69. The method of claim 56, wherein the method further comprises an act of: 

(D) transmitting a third communication including the final hash value to a third network 
device configured to authenticate the user. 

5 70. A tunnel server residing en a first network device of a communications network for at 
least partially authenticating a user on the communications network, the tunnel server comprising: 

a challenge generator to generate a challenge that is transmitted from the first network 
device to a second network device, wherein the tunnel server is operative to receive a preliminary 
hash value firm th. seccr.d ne'e-vck d. . ice, the ; re'ln.l.inry hash value resulting from 
10 performance cfc.-.'y pari . :"a In::::. fi::..;!c:i ; n s fir:;: ■ r.rt flhe challenge, wherein the first part 
is less than the c. lete ! ..!!. .-. 

means for completing performance of the hash function on the first network device to 
produce a final ha: value. 



71. The system ..tclai: 
performing a first n.nnb. : 
performance .dfa s._jiul . 
the tunnel se. . j i. .iad... 
number min. s ti.. eon. 



s cc.ipletc ;:vrfonnanco of the hash function involves 

! ti.. , :eli. hash va!;:c :.: the result of 

n:, :!.:... fi.jt nuv.dur of item Jons, and wherein 

..J-.g .. d.l.d -t c. . .i jr..; . ,.:a! to the first 

I in a complete performance of the hash function. 



72. The .fch.i.. 

function using a second pa. 
complete ch..ih.. 0 <. 



in the :ei sci . .-r include:: mear.. 
iicnge, wherein die first part and ti 



i".:r .-.oinplcting the hash 
: second part form the 



73. The..... I.cl..' .. 1 . i.e: . I . tl.a .:l...ll. ..^ ..I,.s the .yd'.: ;:.:.! a second part, 

andthesecc a; ....... .la i : r.J&: \ "... of . . :r ; /cclential, and 

whe: ii. .. .a; ' a. ...r luting :he hash fraction based, at least 

in part, on the see.,... J pa.:. .7 Ji;.IL..ge a:-..l :.'._• lengti. :.i" the user credential. 



30 74. The.,y:;:e;.. ..:c;..i... ::, ..I... tl.. • .1 sen. . r I. ..hid. J a .: in. "determining a state 

of the hash f ous- I. at I in , m..c Sen.. I. . .I.e. us~r cr-.d. a'.lal, and for completing 

the hash funed^.n b. jed, ..t le..^.. I.: p. . : : o:: I... ' l. ngth. 
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75. The system of claim 73, wherein the tunnel server includes means for determining a length 
of the second part based, at least in part, on a length of the challenge and the length of the user 
credential, and for completing the hash function based, at least in part, on the determined length of 

5 the second part. 

76. The system of claim 70, wherein the challenge generator includes means for generating 
the challenge on the tunnel server, including means for generating a portion of the challenge 
having a length equal to a desired amount of entropy for the challenge, and means for appending 

10 bitstothepcrticM of '.he challenge to poJ^c. the chalk": gc. 

77. The method c. ;."■:! ?C. ■vhcis.h: the challenge j::: ::\.!or includes mer.r.s for appending 
sixty-three Iks to the portion. 

15 78. Thes. :icin of el.:'.:.-. ■■ ..srch; ;hc ..hnile;: ge l:;-.L.k.; a plurality of:;, quences of bits, 

and the challenge genera:.,!- '....hJc;; nr.- :: :".,: —.■.■av.:l./ > challenge, mckiding jneans for 

configuring c.:ie or more o." j.'.t;;alily ef st.^.—jes U k.clu.le at bast ,.;-,e mm-zcro bit. 



20 



79. The system of claim 7C : •..'.-.cn.'.n each s.vucr.ce Is octet of hi:.-. 

80. The system ,.!'.!..:.. 70, wherein the challenge generator includes n.c;-....; for generating 
the challenge, including means for configuring the challenge to include at least a minimum length 
of bits. 



25 81. The:..;: :\l..hs. 7.. : ■.....;■:'., .he ■ . .. 1 hides iv.ca. sfhenticating the 

user based o\, ihe ; h . ..!.._. 

82. The system wheh.h.. ', \.he;-y.: the u:...--l hide.; me:.. ' .' ■:■ .: rem if ting a third 

communion:', m V;, J.. ^ ..... h"m.l ha: h \alue ..: a :'-".•' ...:.. rk ilex vs. ■ . . \\ .,e.l to authenticate 
30 the user. 



WO 2004/051964 



'PCT/US2003/038527 



-53- 

83. The system of claii l 70, wherein the tunnel server includes means for transmitting the first 
communication within a tunnel between the first network device and the second network device. 



84. A computer program used to control a computer to perform a method of at least partially 
5 authenticating a user on a communications network, the method comprising acts of: 

(A) transmitting a first communication from a first network device to a second network 
device, wherein the first cemmunication includes a challenge; 

(B) receiving a sec< nd communication from the second network device to the first 
network device, the sccom comnv.miralicn in: fading ;: - rcilminary hash value generated by 

10 performing only part of a 1 ash fur. -tier, ca a first part rffl.e challenge, wherein the first part is 
less than the complete challenge; and 

(C) competing perform.: ?e oft he ha:;!: for/fo n or the first nclwork device to produce a 
final hash value. 



85. The computer prog am of da;:;. 8'i, wfofon :', 
partial performance of an I lejsage Digest 5-kaseJ ei. 
challenge, an;: \vv..rcin act oJ) c^... :: 

compLting die Menage Efo/-.. i"foasfo an 



foninary hash value is a result of 

«n function on tire first part of the 



86. The com,, jte- prog .:.. !ai:r. " '., v.' ... . ! 
function invc'.vcs performi ig a fi.ol number of :t.-r 
resulted from performance of a second numb-.; ■ f 
iterations, and 

where!.; act (!!!) inc .. for . .-■!.. e ;!.'... 
minus the sec .. ad nber, ». ' :. - am,.!...e 



tpletc ;..'crfo.:v.a.;ce cf the hash 

,.d wherein d.a j.r.liminary hash value 

.; iess than the first number of 

. af itcr.sfo::.; eqaa! .a the first number 
ace of the hash Ifoction 



87. The computer prog ara of claim 84, wherein act (C) includes completing the hash function 

using a second. ..• )f the ... ' . • —!.. , ... :nJ t!. : !, :. . form the complete 

challenge. 

88. The c\ mp.;re ■ prog a;:, fo ci.!.. . Z '.. '. denge includes t.vo parts: the first part 

and a second ,.aa .u d the . !! '. - '■ . ... ice:;;. :.: , . :», d. a first part of the 
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challenge and a user credential, and the second communication includes an indication of a length 
in bits of the user crc Jential, and 

wherein act ( D) includes completing the hash function based, at least in part, on the second 
part of the challenge and the length of the user credential. 



89. The compute progi am of claim oS, wherein act (D) includes: 

(1) deiermini lg a state of the hash function based, at least in part, on the length of the user 
credential; and 

(2) complcth i the \. fancier, base;:, ;.: leas: a; : art, on !hc delcrmhu'd state. 



90. The Cv..np:.le • prog: am of ci:.:.a S3, \. :i ■! (C, further cc:n/ri:..v : 

(1) dc'iwanini lg a length ft!.- ::.cc:: ' ; ...t ba. at least in part, on a length of the 
challenge and the lei gth of the user credential; and 

(2) ccmplctii g the I ash — n aas-..' : ... I. ,\"..r, on the determined length of the 
15 second part. 

91. Thecoi.vuie prog ...:.: cfcLha I eia ;'. hod fa.\ae;- an act of: 



(D) genoratii i the ohali.age on the first network device, including generating a portion of 



20 appending b;. h, portit a, of. .j .h.'..:. w . r. .! la- ehalLn^c. 

92. Thee... prog >.m c.*- ; ,. :.ick:;La a;:; en.iin^, .sixty-three bits to 

the challenge. 

25 93. Thee prog *c'. i- ., • ■ :.. . ..:aa D ; a:.' .; : . ...aay of 

sequences ofh: 3, :h metf.a..' ... he: ..... :■-.:'.. a .. c.'. 



5 



10 



the challenge • '..n a lem ,!, c;, ..a .... .. J.:.:...: 



ibnge, and 



(D)£. :■ i the . 0 . 



^ . ing one or 



more of the 



of se; "... 



30 94. Thee... ,...u prog ...a. , 



95. 



The compute ■ prog am of claim 84, wherein the method further comprises an act of: 
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(D) generating the challenge on the first network device, including configuring the 
challenge to include ; t least a minimum length of bits. 

96. The compute] program of claim 84, wherein the method further comprises an act of: 
5 (D) authentic; ting the user based on the final hash value. 

97. The computei program of claim 84, wherein the method further comprises an act of: 
(D) transmitti ig a third communication including the final hash value to a third network 

device configarcd to mtheriicme :/.c user. 

10 

98. A method of; t least partially authenticating a user on a communications network in 

response to a ehalien ,e reci ivcJ at a second r.:k Jjvi.j lion: a first network .device, the 
method comprising a As of: 

(A) generatin ; a preliminary hash value by performing only part of a hash function on a 

15 first part of the chaili tge where;.! the fiiotpa:'. :.. '../:; ::ia:. me complete challenge; and 

(B) trm^mhii :g a cointnunicaficm iVe:."i me ...r.d network a'evice to the firsv. network 
device, the c im.i aiion in. 1... Hag ,)re; : .:,ii::ary hash value. 



99. The method c fclain 9C, r.a (.'., com/rise/: 

20 perfc.mmg o ly pai : hi. ./ . . .' ' .. ad . ....ma. 'dm. 'nr.. d..m 

100. Thei-JhoJ ( f claim .?'\ a. htK in a Mm. ^e Digest 5 algjrimm includes adding 

an append ag'. ... ...... matic. :. i m'.cd : , ; rem.... .. 1 led information 

that has a le. a ma:.;,.!. .". :. ... 1... lad. / ir;.a g .I.e. t . aided 

25 information . .. o ...di\\ 0 M"M. ;t ::c. v.!.. :-ein act (A) comprises: 

(3) generatin; an input scq.scr.ee to the .Message Digest 5-bascd encryption function by 

concatenating m."...n llion " . he ' .'mm d.a . .ond network device to the first 

network dc, 1 

(4) Learning he in] ut sequence into the Message Digest 5-based encryption function 
30 without pre . l.,.; ,m a ding.;.... '.. 0 ... "i ". 
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101. The method c f claim 98, wherein the complete performance of the hash function involves 
performing a first nu iber c f iterations, and act (A) includes performing a second number of 
iterations less than th i first number of iterations. 

5 102. The method c f claim 98, wherein act (A) includes (venerating the preliminary hash value 
based, at least in part on the first part of the challenge and a user credential. 

103. The method c f claim 102, wherein act (A) includes dividing the challenge into the first 

part and a sccc:::! pa; , and !hc mi fur.her e-.mpr.-'s: 
10 (E) configuri; g the ^oir.:;v..-:icat5-n tc an :: ligation of a length in bits of the user 

credential. 

104. The i... .:■.;■..!( f claim . :.crc!.i r.:t(.' ^rr/.; : 

(1) dctermi..! g a log:. a :i.a: j:..:' r, :'.:r. : :thcntic;.tior: protocol identifier, a user 
15 credential and the eh llenge; and 

(2) diviJir.g i e cha ler.gc vxc -.'..z iirs: r .". :.::.! a second p::n based ui the determined 

length. 

105. The r.:e:!;.:d < f claii i vC, when, in a:: •'.'.) includes transmitting the first communication 
20 within a tunnel bctw en the first network device and the second network device and Act (C) 

includestrai, ll.oa .['. " 

106. A cli-.vi re: i: ng on a re. ond network device of a communications network, for at least 
partially auti. g a u: :;■ ;:. •: . . . ... a :o a —i .a_J .i;c oJCl.;-.." r.c'.vork device 

25 from a first j icvicc, :.iC . .! o..pr:. ' 

mean;; .., .- ^. eratirg y !....:. '..y . .\ "jrr.-.!.-.g cn> -;:\r; % fa hash function 

on a first pa; < huilci ..„, .\i. ~. ; :.• !v..r "./.an the complete ;! .allonge, 

when. in th: £ xond r.. . .\ :'.: Jc . ismiv a CL.m:nir.> a'Jon from the 

second netv. .. ' . t j i \. . •. .' municarion in-iu-.:'.; 0 the preliminary 

30 hash value. 
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107. The client of ;laim 106, wherein the means for generating includes means for performing 
only part of a Messa: e Digest 5-ba:;ed encryption function. 

108. The client of ^laim 1 07, wherein a standard Message Digest 5 algorithm includes adding 
5 an appendage of info maticn to information to be communicated to proa .:ce pad Jed information 

that has a length that is a multiple of sixty-four octets, and includes inputting the padded 
information to a slan lard Message Digest 5 function, and 

wherein the r. eans for generating includes means for generating an input sequence to the 
Message Dige;.: 5-bc. cJ enerypCn function '«..-■ c»n:ate;.:..i;:g ir.fcnnr.tion to be communicated 
10 from the sec una nrr. or!; d . ice .. :he nJ, de> ie , and means for inputting the input 
sequence into the Mi usage Digest 5-based encryption function without previously adding an 
appendage c' i/.f;::;: thm tj .lis .icqi: 



109. The (.::..-.•: of laim ••.'..-re::: She L:e . usance of She hash f, '.action involves 

15 performing r. :'. st ;iu i!.-i ( fi i..v.:\ and 

wherein the r. cans for ^e;.::r.ii.. x h. e- mean.: performing sc. ;md number of 
iterations 1c:- e.an d j .'.mt ik.. o:"....ad„...:. 



110. The c i i t •„!' v. i.erein '.Ire me;: :j ibr^e mating include;; means for generating 

the prelimin ... i.....'.. ...v.c ..,..cd. . . ! . en the .'. :.i part: of the : !.:d!cngc and a user 
credential. 



111. The ^ >f . ! , e ...... f": -. .erating includes means for dividing the 

challenge in-_ fi; . ,.art '. \ ... . ' •.v:..'".j:..:.:g ;!.e. - nmmmcation to 

25 include an ;.. ii ..tb. ...... !...^.i, i.. li..- ..: :i- c._d !. 



112. The... .'...:..) :\. .;;..:;-.:,. ii.eliui.s m:a:.s for determining 

a length of. i.rn i ...lif.cr.. ;. . . . ec!e..'.ir.! and the 

challenge, and mean for d.vidh.g me chaii.neo into She . .it part and a . e.:.>nd ,,arl based on the 
30 determined L 



113. The.; 
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means for controlling transmission of the first com nunication within a tunnel between the 
first network device and the second network device. 

114. A computer program used to control the computer :o perform a method of at least partially 
authenticating a user on a communications network in response to a challenge received at a 
second network device from a first network device, the method comprising acts of: 

(A) generating a preliminary hash value by performing only part of a hash function on a 
first part of the challenge wherein the first part is less than the complete challenge; and 

(B) transmitting a comim'.rdca'h..;; fa;.: ncc: :. ' ..etwc:!: r!evicc !•) :!;•: first network 
device, the second communicate:; incheddig the preliminary hash value. 



115. The computer program c 
performing only part of; 



IM^.hcrehtaci : .)c,:u, 



116. The computer program c f c ! a i . 
includes adding an appendage e :. . ."or 
padded information that has ;. '.-.._.h. 7. 
the padded information to a jt d ' 



de.-'J l.k:vs:.y: Digest 5 algorithm 
to be fc;v.:m.n;eai. i to produce 

:ly r - :.:id h:ch:Jcs inputting 

-tio:i, ;i:k! wherein act (A) comprises: 



(3) generating an input sequence to the Message Digest 5-based encryption function by 

concatenating information to U :..-.::. :_...:....' 7. .... 7.: jo:..! r!: device to the first 

network device; and 

(4) inputting the input seque. .: j into the Message h.igest 5-ba:;-d encryption function 
without previously adding an a;. i .. .'. 0 . "h . d 3 in,. .: . .. 



25 117. The computer progr.::.. 
function involves performing a d 
second number of iterations less 



..de-,.. ; ..J act [7.) -..eludes : erforming a 
ei .. ratio;:::. 



118. The computer program e 
30 hash value based, at least in par. 



head.: h .) include j the preliminary 

.. . ; f ... • . . d'engw ! .. • t. Jitial. 
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1 19. The computer program of claim 1 IS, wherein act (A) includes dividing the challenge into 
the first part and a second part, and the method further comprises: 

(E) configuring the communication to include an indication of a length in bits of the user 
credential. 

5 

120. The computer program of claim 1 14, wherein act (A) comprises: 

(1) determining a length of a concatenat ion of an authentication protocol identifier, a user 
credential and the challenge; and 

(2) dividing the challenge lata the firs: ;::.:• ;: xor.c! breed or. the determined 

10 length. 

121. The computer program of claim 1 14, wherein act (A) includes transmitting the first 
communication within a tunnel between the first network device and the second network device 
and Act (C) includes transmitting :he con:;..u:.: :lc a \ :.:.in the tnsr.sl. 
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